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intermediates, is an important oxidation process for atmospheric alkenes and a significant source of
hydroxyl (OH) radicals in the troposphere. Criegee intermediates (CH2OO, CH3CHOO, (CH3)2COO) are
synthesized by the reaction of iodoalkyl radicals with molecular oxygen in a quartz capillary reactor,
cooled in a free jet expansion, and characterized through ultraviolet (UV) and/or infrared (IR) induced
dynamical studies. The dissociation dynamics of CH2I2 is investigated using velocity map imaging (VMI)
to obtain the velocity distribution of the iodine atom products. The corresponding high internal excitation
of the CH2I co-fragments provides insight into the internal excitation of newly formed CH2OO in the
subsequent thermo-neutral CH2I + O2 reaction. UV excitation of CH2OO and CH3CHOO on a very strong
pi*← pi transition localized in the carbonyl oxide group is shown to result in O-O bond breakage. Both
ground O 3P and excited O 1D state products are characterized using VMI to obtain the angular and
velocity distributions of the O-atom products. Anisotropic angular distributions of the O-atom products
show the rapid nature of the UV photodissociation dynamics. The total kinetic energy distributions reveal
the energy required for dissociation into two spin-allowed channels as well as the high degree of internal
excitation of the co-fragments. Finally, IR activation of syn-CH3CHOO and (CH3)2COO is utilized to
access the barrier to 1,4-hydrogen transfer, which initiates unimolecular decay to OH radical products.
The OH fragments are examined using a novel implementation of VMI based on UV+VUV ionization. IR
excitation of syn-CH3CHOO and (CH3)2COO in the CH stretch overtone region results in an isotropic
angular distribution of OH fragments, indicating that dissociation occurs more slowly than the rotational
period of Criegee intermediates. The OH products are released with little internal excitation, while the total
kinetic energy release demonstrates that most of the available energy flows into internal excitation of the
vinoxy or 1-methlvinoxy co-fragments. The experimental results are compared with quasi-classical
trajectory calculations initiated at critical configurations along the reaction pathway and statistical Prior
distributions.
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ABSTRACT
PHOTO-INDUCED DISSOCIATION DYNAMICS OF ATMOSPHERICALLY
IMPORTANT CRIEGEE INTERMEDIATES
Hongwei Li
Marsha I. Lester

Alkene ozonolysis, which proceeds through energized carbonyl oxide species also
known as Criegee intermediates, is an important oxidation process for atmospheric
alkenes and a significant source of hydroxyl (OH) radicals in the troposphere. Criegee
intermediates (CH2OO, CH3CHOO, (CH3)2COO) are synthesized by the reaction of
iodoalkyl radicals with molecular oxygen in a quartz capillary reactor, cooled in a free jet
expansion, and characterized through ultraviolet (UV) and/or infrared (IR) induced
dynamical studies. The dissociation dynamics of CH2I2 is investigated using velocity
map imaging (VMI) to obtain the velocity distribution of the iodine atom products. The
corresponding high internal excitation of the CH2I co-fragments provides insight into the
internal excitation of newly formed CH2OO in the subsequent thermo-neutral CH2I + O2
reaction. UV excitation of CH2OO and CH3CHOO on a very strong *←  transition
localized in the carbonyl oxide group is shown to result in O-O bond breakage. Both
ground O 3P and excited O 1D state products are characterized using VMI to obtain the
angular and velocity distributions of the O-atom products. Anisotropic angular
distributions of the O-atom products show the rapid nature of the UV photodissociation
dynamics. The total kinetic energy distributions reveal the energy required for
dissociation into two spin-allowed channels as well as the high degree of internal
v

excitation of the co-fragments. Finally, IR activation of syn-CH3CHOO and (CH3)2COO
is utilized to access the barrier to 1,4-hydrogen transfer, which initiates unimolecular
decay to OH radical products. The OH fragments are examined using a novel
implementation of VMI based on UV+VUV ionization. IR excitation of syn-CH3CHOO
and (CH3)2COO in the CH stretch overtone region results in an isotropic angular
distribution of OH fragments, indicating that dissociation occurs more slowly than the
rotational period of Criegee intermediates. The OH products are released with little
internal excitation, while the total kinetic energy release demonstrates that most of the
available energy flows into internal excitation of the vinoxy or 1-methlvinoxy cofragments. The experimental results are compared with quasi-classical trajectory
calculations initiated at critical configurations along the reaction pathway and statistical
Prior distributions.
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CHAPTER 1
Introduction

Criegee intermediates are important reaction intermediates generated from the
ozonolysis of alkenes,1 which is one of the major means to remove biogenic and
anthropogenic alkenes from the Earth’s atmosphere.2 Alkene ozonolysis through the
Criegee intermediate mechanism is also a significant source of tropospheric hydroxyl
(OH) radicals.2, 3 Recent field studies indicate that the ozonolysis of alkenes accounts for
about 30% of OH radicals in the daytime and nearly 100% of OH production at
nighttime.4, 5 Ozonolysis proceeds by cycloaddition of ozone across the C=C bond in
alkenes, producing an internally excited primary ozonide (~50 kcal mol-1).1 A carbonyl
oxide, also known as Criegee intermediate,6 along with a carbonyl species, is generated
from the rapid decomposition of the highly energized primary ozonide.1 The newly
formed Criegee intermediates also carry a large amount of internal energy and often
undergo prompt unimolecular decay to OH radical products.7, 8 Under atmospheric
conditions, a portion of the excited Criegee intermediates will be collisionally stabilized,
resulting in a thermalized distribution that can undergo slower decay to OH products.7-10
In addition to the unimolecular reaction, the stabilized Criegee intermediates can undergo
bimolecular reaction with other atmospheric species, such as SO2, NO2, carboxylic acids,
and water.11, 12 The bimolecular reaction of stabilized Criegee intermediates with SO2 is
considered to play an important role in secondary organic aerosol formation.1, 13

1

The mechanism of the reaction of ozone with alkenes to generate Criegee
intermediates was first postulated by Rudolf Criegee in the 1950s.6 Theoretical
investigations of Criegee intermediates have been extensive, especially for the simplest
Criegee intermediate CH2OO.14-17 Early electronic structure calculations of CH2OO in
the ground electronic state indicated some disagreement about the nature of the bonding
at the equilibrium geometry because of the mixed biradical/zwitterionic character.18-20
Direct experimental observation of Criegee intermediates was not achieved until
recently.21, 22 Welz et al. demonstrated an alternative method to synthesize Criegee
intermediates by the reaction of iodoalkyl radicals with O2.21 For instance, the following
reactions make the simplest Criegee intermediate CH2OO:
CH2I2 + hν (248 nm) → CH2I + I/I*

(1)

CH2I + O2 → CH2OO + I

(2)

The diiodo alkyl precursor CH2I2 has a very large absorption cross section of σ =
1.6(±0.1) x 10-18 cm2 molecule-1 at 248 nm and high photodissociation quantum yield to
break the C-I bond making the monoiodo alkyl radicals as in reaction (1).23 Reaction (2)
is very efficient in generating CH2OO due to the high reaction rate coefficient (k = 1.39 x
10-12 cm3 molecule-1 s-1),24 which is much faster than formation of CH2OO via the C2H4 +
O3 ozonolysis reaction (k = 1.45 x 10-18 cm3 molecule-1 s-1).25 Both factors result in a
greater yield of Criegee intermediates under laboratory conditions, which has enabled
extensive investigations of the spectroscopy, kinetics, and dynamics of prototypical
Criegee intermediates.11, 12
The internal energy distribution of the newly formed Criegee intermediates is
crucial to determine the yield of stabilized Criegee intermediates (SCI) from alkene
2

ozonolysis in the atmosphere.7, 8 Similarly, the internal energy distribution of Criegee
intermediates produced from reaction of iodoalkyl radicals with O2 may impact on the
yield of SCI under laboratory conditions.26 Theoretical calculations predicted that
reaction (2) is a near thermo-neutral process.27 Thus, mapping out the internal energy of
the CH2I fragment in reaction (1) provides important information regarding the internal
energy of newly formed CH2OO prior to collisional relaxation. Chapter 2 of this thesis
investigates the photodissociation dynamics of CH2I2 at 248 nm utilizing velocity map
imaging (VMI). The total kinetic energy release (TKER) is characterized by imaging the
I* fragment, which reflects the internal energy of the CH2I co-fragment. The
photodissociation of CH2I2 is also of fundamental interest owing to its complicated
excited state spectroscopy and dynamics.26, 28
Beames et al. combined the alternative synthetic route (reactions (1) and (2)) with
a supersonic expansion to generate jet-cooled stabilized Criegee intermediates under
collision free condition.29 CH2I2 is photolyzed at 248 nm in a quartz capillary reactor
coupled to a pulsed solenoid valve to produce CH2I radicals. The CH2I + O2 reaction
generates energized CH2OO Criegee intermediates, which are stabilized by collisions
within the capillary tube and cooled in the ensuing supersonic expansion. Beames et al.
observed the UV absorption spectrum for CH2OO by UV excitation resonant with the B
1

A′ ← X 1A′ transition.29 The UV excitation depletes the ground state population of

CH2OO, which is detected by single-photon ionization at 118 nm. The large UV-induced
depletion near the peak of the absorption profile at 335 nm is indicative of rapid excited
state dynamics. CH2OO is found to be a very strong UV absorber with a peak absorption
cross section of ~5 x 10-17 cm2 molecule-1.29-31 High level calculations also predict that
3

the B 1A′ state undergoes dissociation along the O-O coordinate.17, 32 Two spin-allowed
product channels are associated with the excited B electronic state, H2CO X 1A1 + O 1D
and H2CO a 3A″ + O 3P, the latter product channel with a higher energy threshold.32 The
experimental detection of the two product channels resulting from UV excitation of
CH2OO on the strong B 1A′ ← X 1A′ transition is described in Chapters 3 and 4. The
anisotropic angular distribution of the O fragment detected by VMI is indicative of rapid
dissociation dynamics on the excited B electronic state of CH2OO, eliminating the
possibility of fluorescence or nonradiative decay processes at wavelengths investigated
by VMI. The dissociation energy from CH2OO X1Aʹ to the lowest spin-allowed H2CO
X1A1 + O1D product channel is established. Insight into the branching ratios between
two product channels is gained by comparing the O 1D/3P action spectrum with the UV
absorption spectrum of CH2OO.
Further studies measured similar UV spectra with large absorption cross sections
for alkyl-substituted Criegee intermediates, indicating that it has a characteristic π* ← π
transition localized on the COO group of the Criegee intermediates.33-35 However, the
peaks of the UV spectra of alkyl-substituted Criegee intermediates are shifted ca. 15 nm
to higher energy than that of the simplest Criegee intermediate CH2OO.33 For alkyl
group substitution that is syn to the terminal O atom in the COO group, such as synCH3CHOO, the spectral shift is explained by stabilization of the ground state and
destabilization of the excited state.33 Chapter 5 of this thesis examines the dissociation
dynamics of a prototypical alkyl substituted Criegee intermediate, syn-CH3CHOO,
following UV excitation, and compares the results with an analogous investigation of the
CH2OO species.36, 37
4

Alkene ozonolysis through Criegee intermediates is an important source of OH
radicals in the atmosphere.2, 3 Two different unimolecular decay pathways for Criegee
intermediates are predicted, depending on the geometric structure of Criegee
intermediates. The Criegee intermediates without an alkyl substituent that is syn to the
terminal O atom in the COO group, such as CH2OO, undergo a “hot acid” unimolecular
reaction pathway by overcoming a large barrier (~20 kcal mol-1) to generate OH and
other products.1, 10 Another decay pathway to OH products is found to have a
considerably lower barrier (~17 kcal mol-1)38 for Criegee intermediates with an alkyl
group that is syn to the terminal O atom, such as syn-CH3CHOO, (CH3)2COO, and
CH3CH2CHOO.1, 39 This reaction pathway involves intramolecular 1,4-hydrogen atom
transfer that results in isomerization to vinyl hydroperoxide (VHP) followed by O-O
bond cleavage to form OH + vinoxy products.1, 39
The last two chapters explore the unimolecular dissociation dynamics for
prototypical alkyl substituted Criegee intermediates. The release of excess energy to
translational and internal degrees of freedom, and unimolecular dissociation lifetime are
determined in this thesis as a means of elucidating the dynamical pathways to OH
products. The syn-conformer of CH3CHOO and (CH3)2COO are vibrationally activated
using IR radiation in the CH stretch overtone region to access the transition state (TS)
barrier region leading to OH products.38, 40, 41 The kinetic energy release to OH products
is obtained through velocity map imaging utilizing a UV + VUV ionization scheme,42
giving important insight on internal excitation of the co-fragments. The experiments are
complemented by quasi-classical trajectory (QCT) calculations initiated at various
configurations along the reaction pathway by Wang and Bowman.43, 44 The product
5

energy partitioning is explored in the QCT calculations. The experimental results are
compared with the QCT calculations and statistical Prior distributions.45, 46
This thesis is focused on the dynamics of the photo-induced dissociation process,
which can be summarized as AB + hν → A + B. The photon energy that is in excess of
the dissociation threshold is partitioned between the kinetic and internal excitation of the
nascent products A and B. The newly formed photodissociation products expand in
space in a Newton sphere, defined by conservation of linear momentum, during the
dissociation process.47 The total kinetic energy release from the dissociation process can
be obtained by measuring the velocity of one fragment and applying conservation of
linear momentum. The internal excitation of the co-fragment can be derived using
conservation of energy:
Eavl = Ehν – D0 = TKER + EA + EB

(3)

where Eavl is the available energy, Ehv is the photon energy, D0 is the dissociation energy,
and EA and EB are the internal energies of photofragments A and B, respectively.
Velocity map imaging (VMI) is a powerful experimental technique to measure the
velocity of photofragments, which can be converted to the total kinetic energy release to
products.47 VMI is built on time-of-flight mass spectrometry, but the electric field is
designed to be able to direct ions with the same mass and initial velocity to the same
position on an ion detector as shown in Figure 1.48 The full three-dimensional Newton
sphere of the recoiling fragment A is projected onto a two-dimensional ion detector. The
2D image collected can be reconstructed back to the original 3D Newton sphere by
various reconstruction methods to extract the velocity and angular information.47 VMI is
usually coupled with resonance enhanced multiphoton ionization to state-selectively
6

ionize photofragments, so that the internal excitation of the co-fragments is derived
because of the conservation of energy as equation (3) with known or calculated
dissociation energy (see Chapters 2, 6 and 7). On the other hand, one can also determine
the dissociation energy by equation (3) if the internal excitation of the co-fragments is
known at a specific TKER energy (see Chapters 3, 4 and 5).
Additionally, the angular distribution of the products can also be derived from the
reconstructed Newton sphere, which reflects the character of the initial transition of the
parent molecule. The angular distribution, I(θ), is defined as I    1    P2 (cos ) ,
where θ is the angle between the recoil direction and the polarization of the photolysis
laser, P2 is a second-order Legendre polynomial, and β is the anisotropy parameter that
describes the degree of anisotropy (-1 ≤ β ≤ 2).47 For diatomic molecules, the anisotropy
parameter β is equal to -1 for a pure perpendicular transition and +2 for a pure parallel
transition with the assumption of a rapid dissociation process compared to the rotational
period of the parent molecule. For polyatomic molecules,   2 P2 (cos  ) if one
assumes the rapid dissociation limit, where χ is the angle between transition dipole
moment and the recoil direction. The anisotropy parameter β is 0 if the photodissociation
process is slower than the rotational period of the parent molecule. In this case, an
isotropic image will be collected on the detector from the dissociation process.
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Figure 1. Simulated ion trajectories and equipotential surfaces of the ion optics using
SIMION program [reproduced from Eppink et al. Rev. Sci. Instrum. 68, 3477 (1997)].
Panel (a) shows the total view while (b)-(d) are zoomed in to show the details. (a) The
laser propagates along the y direction, causing a line source (c), from which three points
are chosen. From each point eight ions with 1 eV kinetic energy are ejected with 45°
angle spacing (b), thus simulating a spherical expansion. At the focusing plane (d) ion
trajectories of the same initial velocity vector but different start positions focus together
after flying through the field-free region, where 1, 2 and 3 correspond to ejection angles
0/180° (x direction), 45/135° and 90° (y direction), respectively.
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In Chapter 2, the photodissociation of CH2I2 at 248 nm is investigated using
velocity map ion imaging with photoionization detection of the I*(2P1/2) products. The
velocity distribution of the I* products reveals that only a small fraction of the available
energy is released as translational energy, consistent with a simple impulsive model.
Most of the excess energy is channeled into internal excitation with Eint = 36.3 kcal
mol-1 for CH2I radical fragments produced with I* atoms. The anisotropy angular
distribution of the I* fragments and corresponding positive anisotropy parameter are
indicative of prompt dissociation and electronic state mixing. The discussion also
considers the implication of the large internal excitation of CH2I on production of the
simplest Criegee intermediate CH2OO.
The velocity and angular distributions of O 1D photofragments arising from UV
excitation of the CH2OO intermediate on the B 1Aʹ ← X 1Aʹ transition are characterized
in Chapter 3 using velocity map ion imaging. The anisotropic angular distribution yields
the orientation of the transition dipole moment, which reflects the * ←  character of
the electronic transition associated with the COO group. The TKER distributions
obtained at several photolysis wavelengths provide detail on the internal energy
distribution of the formaldehyde cofragments and the dissociation energy of CH2OO
X1Aʹ to O 1D + H2CO X 1A1. A common termination of the total kinetic energy
distributions, after accounting for the different excitation energies, gives an upper limit
for the CH2OO X 1Aʹ dissociation energy of  54 kcal mol-1, which is compared with
theoretical predictions including high level multi-reference abinitio calculations.
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In Chapter 4, the higher energy H2CO a3A + O3P channel is characterized by
velocity map imaging and UV action spectroscopy, which complements a prior
experimental study on the lower energy H2CO X 1Aʹ + O 1D channel as described in
Chapter 3. Anisotropic angular distributions indicative of rapid dissociation are obtained
at 330 and 350 nm, along with broad and unstructured total kinetic energy distributions
that provide insight on the internal excitation of the H2CO a3A co-fragment. A
harmonic normal mode analysis points to significant vibrational excitation of the CH2
wag and C-O stretch modes of the H2CO a3A fragment upon dissociation. At each UV
wavelength, the termination of the kinetic energy distribution reveals the energetic
threshold for the H2CO a3A″ + O 3P product channel of ca. 76 kcal mol-1 (378 nm) and
also establishes the dissociation energy from CH2OO X1Aʹ to the H2CO X1A1 + O1D
asymptote of D0  49 ± 0.3 kcal mol-1, which is in accord with prior theoretical studies.16,
17, 20, 36

The energetic threshold for the H2CO a3A″ + O 3P product channel is also evident

as a more rapid falloff on the long wavelength side of the O3P action spectrum as
compared to the previously reported UV absorption spectrum for jet-cooled CH2OO.29
Modeling suggests that the O3P yield increases uniformly from 378 to 300 nm.
The investigation of the UV photodissociation dynamics is extended to an alkylsubstituted Criegee intermediate, CH3CHOO, as presented in Chapter 5. UV excitation
of jet-cooled CH3CHOO on the B1A ← X1Aʹ transition results in dissociation to two
spin-allowed product channels: CH3CHO X1A + O 1D and CH3CHO a3A + O 3P. The O
1

D and O 3P products are detected using 2+1 resonance enhance multiphoton ionization

(REMPI) at 205 and 226 nm, respectively, for action spectroscopy and velocity map
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imaging studies. The O 1D action spectrum closely follows the previously reported UV
absorption spectrum for jet-cooled CH3CHOO.29 Velocity map images of the O 1D
products following excitation of CH3CHOO at 305, 320, and 350 nm exhibit anisotropic
angular distributions indicative of rapid (ps) dissociation, along with broad and
unstructured total kinetic energy distributions that reflect the internal energy distribution
of the CH3CHO X1A co-products. The O 3P action spectrum turns on near the peak of
the UV absorption spectrum (ca. 324 nm) and extends to higher energy with steadily
increasing O 3P yield. Excitation of CH3CHOO at 305 nm, attributed to absorption of the
more stable syn-conformer, also results in an anisotropic angular distribution of O 3P
products arising from rapid (ps) dissociation, but a narrower TKER distribution since less
energy is available to the CH3CHO a3A + O 3P products. The threshold for the higher
energy CH3CHO a3A + O 3P product channel is determined to be ca. 88.4 kcal mol-1
from the termination of the TKER distribution and the onset of the O 3P action spectrum.
This threshold is combined with the singlet-triplet spacings of O-atoms and acetaldehyde
to establish the dissociation energy for syn-CH3HOO X1Aʹ to the lowest spin-allowed
product channel, CH3CHO X1A + O 1D, of 55.9  0.4 kcal mol-1. A harmonic normal
mode analysis is utilized to identify the vibrational modes of CH3CHO likely to be
excited upon dissociation into the two product channels.
An important source of atmospheric hydroxyl radicals is from the dissociation of
Criegee intermediates produced in alkene ozonolysis reactions. In Chapter 6, the
unimolecular dissociation dynamics of a prototypical Criegee intermediate is examined
by characterizing the translational and internal energy distributions of the OH radical
11

products, which reflect critical configurations along the reaction pathway from the barrier
for hydrogen transfer to OH products. Experimentally, CH overtone excitation is utilized
to prepare CH3CHOO near the barrier, and the kinetic energy release to OH products is
ascertained through velocity map imaging. Theoretically, quasi-classical trajectories are
performed on a new full-dimensional, ab initio potential energy surface. Both
experiment and theory show that most of the available energy flows into internal
excitation of the vinoxy products with a smaller component in translational recoil and
minimal OH excitation. The isotropic angular distribution of OH fragments indicates that
dissociation occurs in  2 ps, in accord with theory.
In Chapter 7, the unimolecular dissociation dynamics of the dimethyl-substituted
Criegee intermediate (CH3)2COO is examined experimentally using velocity map
imaging to ascertain the translational and internal energy distributions of the OH and
H2CC(CH3)O radical products. The energy profile of key features along the reaction
coordinate is also evaluated theoretically. Unimolecular decay of (CH3)2COO is initiated
by vibrational activation in the CH stretch overtone region and the resultant OH X2
(v=0) products are state-selectively ionized and imaged. Analysis reveals an isotropic
spatial distribution, indicative of a 3 ps lower limit for the timescale of dissociation, and a
broad and unstructured total kinetic energy release distribution. The energy released to
products is partitioned principally as internal excitation of the H2CC(CH3)O fragments
with modest translational excitation of the fragments and a small degree of OH rotational
excitation, which is fixed in the experiment. The total kinetic energy release distribution
observed for (CH3)2COO is compared with that predicted for statistical partitioning over
12

product quantum states, and contrasted with recent experimental and quasi-classical
trajectory results for syn-CH3CHOO.44
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CHAPTER 2

Ion Imaging Studies of the Photodissociation Dynamics of CH2I2
at 248 nm

This research has been published in Chemical Physics Letters 590, 16 (2012) and was
performed with graduate student Julia H. Lehman and Marsha I. Lester in the Department
of Chemistry, University of Pennsylvania.
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I. Introduction
Recently, there has been renewed interest in the photodissociation dynamics of
CH2I2 at 248 nm (and other convenient laser wavelengths) because the CH2I product is
utilized in an alternative synthetic route to generate the simplest Criegee intermediate,
CH2OO, for laboratory studies:[1-4]
CH2I2 + 248 nm  CH2I + I/I*
CH2I + O2  CH2OO + I
High level ab initio calculations indicate that the latter step is a near thermoneutral
process,[5] suggesting that any internal excitation in the CH2I fragment is likely to be
carried over into internal excitation of the CH2OO intermediate. In the atmosphere, the
CH2OO intermediate is generated from ozonolysis of ethene and asymmetric alkenes
such as 1-propene, where it is also formed with a large excess of internal excitation.[6-8]
Depending on the degree of internal excitation, the Criegee intermediate may undergo
unimolecular processes including decomposition and isomerization, collisional
stabilization, and/or bimolecular reactions.[8,9] The present study aims to fully
characterize the internal excitation of the nascent CH2I fragments from 248 nm photolysis
of CH2I2 using state-of-the-art methods.
The photodissociation dynamics of alkyl iodides has been investigated for
decades both in the gaseous and condensed phases.[10-13] A portion of the roomtemperature UV absorption spectrum of CH2I2, deconvoluted into four partially
overlapping Gaussian bands, is reproduced in Figure 1.[14] Most of the prior
experimental and theoretical work has focused on the photodissociation dynamics of
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CH2I2 following excitation from the ground X A1 state into the two lowest energy bands
that comprise the dominant spectral feature, which are attributed to two repulsive states
of B1 symmetry, matching the assignments of a simple exciton model developed by
Bersohn and coworkers in 1975.[15-20] The spectral breadth is assumed to arise from
the repulsive nature of the excited electronic states.
Much less is known regarding the photodissociation dynamics of CH2I2 upon
excitation at 248 nm into the third absorption band, which is the focus of the present
investigation. The simple exciton model attributes this third band to an excited electronic
state of B2 and/or A1 symmetry.[16] More recent theoretical work predicts an excited
state of purely A1 character, but it should be noted that the assignments of lower
electronic states also differ from the exciton model.[20] Both the B2 and A1 electronic
states correlate asymptotically with CH2I + I* (2P1/2) products.[16]
Electronic excitation of CH2I2 at 248 nm can result in dissociation to several
energetically accessible singlet channels:
CH2I2 X A1 + hν (248 nm) → CH2I + I (2P3/2)

(1)

→ CH2I + I* (2P1/2)

(2)

→ CH2 + I2

(3)

→ CH2 + I (2P3/2) + I (2P3/2)

(4)

Prior studies have shown that pathways (1) and (2) are the primary dissociation
processes.[21,22] The quantum yield for I* (2P1/2) products in channel (2) is 46%.[21,23]
Channel (3) is a minor channel with a quantum yield of 0.004.[24] Pathway (4) is
energetically accessible (Eavl = 1.4 kcal mol-1),[21] but has not been distinguished from
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Figure 1. Schematic energetic diagram for CH2I2 photodissociation following absorption
at 248 nm (blue solid line) and 313 nm (purple dashed line). Previously identified
electronic transitions are shown within the CH2I2 absorption profile.[14] At 248 nm,
46(4)% of the products are CH2I and the excited state of iodine [I* 2P1/2, black arrow,
channel (2)]. The ground state of iodine (I 2P3/2, grey arrow) can also be generated
[channel (1)], but is not probed in this experiment. The probe laser (313 nm, purple
dashed line) is used to ionize the I* product following photodissociation, but can also
dissociate CH2I2 resulting in one-color background (see Appendix I of this thesis).
Channels (3) and (4) are also shown, but are not probed in this work.
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channel (1). The multiple pathways observed indicate that more than one electronic state
participates in the dissociation process.
Additional information on the photodissociation dynamics of CH2I2 at 248 nm
under thermal conditions comes from IR emission studies of vibrationally excited CH2I
fragments.[21] Emission was seen in the C-H stretch, CH2 bend, and C-I stretch regions,
indicating highly vibrationally excited CH2I products, although it should be noted that
channels (1) and (2) with I (2P3/2) and I* (2P1/2) products were not separated. The highly
excited CH2I products were detected on a microsecond timescale and various
deactivation processes were considered in the analysis.[21] Modeling showed CH2I
fragments produced in a quasicontinuum of vibrational states that accounts for 85% of
the available energy.
The present study reinvestigates the 248 nm photodissociation of CH2I2 utilizing
velocity map imaging (VMI) with resonance enhanced multiphoton ionization (REMPI)
detection of the nascent I* (2P1/2) fragments. The velocity distribution of the I* fragments
also contains correlated information on the internal and translational energy distributions
of the nascent CH2I products. The angular distribution of the I* (2P1/2) fragments
provides additional detail on the excited electronic state(s) involved in the dissociation
dynamics.
II. Experimental Methods
Diiodomethane (CH2I2) vapor is entrained in argon carrier gas at a backing
pressure of 20 psi and pulsed into a newly constructed VMI vacuum apparatus. The gas
mixture undergoes supersonic expansion and enters the interaction region (unskimmed)
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approximately 4 cm downstream of the pulsed valve orifice. Here, CH2I2 is
photodissociated with the 248 nm output of a KrF excimer laser (Coherent, 20 ns, 10 Hz)
that crosses the molecular beam at right angles, producing CH2I and I (2P3/2) or I* (2P1/2).
The I* (2P1/2) atoms are then state-selectively ionized via (2+1) REMPI process[25,26]
(using the upper state of 5p25p46p(2P1/2)) by a counter-propagating ultraviolet (UV) probe
laser at 313 nm, generated by frequency-doubling the output of a Nd:YAG (532 nm,
Innolas, 7 ns, 10 Hz) pumped dye laser (DCM, Radiant Dyes, Narrowscan). The probe
laser is focused with a 50 cm lens. The photolysis laser is focused with a 60 cm lens after
spatially restricting the beam area to a 2 mm diameter and 1.5 mJ/pulse. The power
density in the interaction region is on the order of 102 W/cm2, well below the 105 W/cm2
previously used in the work by Baughcum and Leone to reduce multiphoton
absorptions.[21] The photolysis and probe lasers are spatially overlapped in the
interaction region, but with a 600 ns time delay between the lasers.[27]
Ions are extracted and accelerated onto a position-sensitive detector after passing
through a field-free time-of-flight (TOF) region. The electric fields in the extraction
region are created by homemade ion optics (parts by Kimball Physics), which are similar
to the design by Suits and coworkers.[28] The setup was calibrated from the analysis of
O+ images from the photodissociation of O2 near 226 nm[29] and achieved approximately
5% velocity resolution. In this work, a pair of extractor and repeller electrodes are used
with the repeller voltage (VR) set at 1500 V and an extractor-to-repeller voltage ratio of
0.74. The detector is fast gated to allow imaging of only I+ ions. To aid in maintaining a
low operating pressure in the detector region, a flange with a 20 mm hole separates the
source and detector regions,[30] and generates some differential pumping between these
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two chambers (~10-6 and ~10-7 torr, respectively, under operating conditions). The
overall length of the flight path from the interaction region to the detector is 70 cm. The
40 mm 2D position-sensitive detector consists of a pair of microchannel plates (MCP)
coupled to a phosphor screen. The images on the phosphor screen are recorded using a
charge-coupled-device (CCD) camera (656×492 pixels). Sydor Instruments designed and
constructed the coupled detector, CCD camera, and MCP gating module system based on
our specifications along with a custom light-tight camera enclosure with access for lens
focusing. The MCP/phosphor detector, MCP gating module, and accompanying power
supply were manufactured by Photek Ltd., while the CCD camera is from Allied Vision
Technologies. Images and time-of-flight information were transferred to a computer and
further analyzed via LabVIEW and reconstructed using pBASEX.[31]
The probe UV laser (313 nm) alone can photodissociate CH2I2 and subsequently
ionize the I* products, and thus a background subtraction scheme is used in data
collection. This background signal arising from the probe laser only (one-color) is
subtracted every 2000 laser shots from the combined excimer and probe laser induced
signal. The excimer laser polarization, selected by a Brewster window, is set parallel to
the plane of the detector. The probe laser polarization can be rotated to be either parallel
or perpendicular to the plane of the detector. Images were taken under both polarization
schemes and will be discussed further in Section III.
The 248 nm excimer laser also dissociates CH2I2, resulting in a decrease in the
amount of ‘background’ I* produced from probe laser-induced dissociation of CH2I2 at
313 nm. The combination of the one-color background at 313 nm and this decrease can
lead to some incomplete image subtraction in the spatial region where the iodine
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produced by the probe laser alone (one-color) is strongest. This problem was overcome
by changing the polarization of the probe laser to perpendicular to the plane of the
detector, as described in the results section.
III. Results
Photodissociation of CH2I2 at 248 nm can result in ground state iodine I (2P3/2)
atoms formed with either CH2I (1) or CH2 + I (2P3/2) (4) as cofragments. On the other
hand, spin-orbit excited iodine I*(2P1/2) can only be formed with CH2I as its cofragment
(2), since the CH2 + I + I* pathway is not energetically accessible. The I* products from
pathway (2) are state-selectively probed in this work, which gives direct information
regarding the internal energy distribution of the CH2I cofragments. Pathway (2) has a
significant quantum yield with I* accounting for 46% of the products following 248 nm
excitation.[21,23] This indicates the possibility of adiabatic dissociation to correlated I*
products from the nominally A1 and/or B2 electronic states of CH2I2 as well as
nonadiabatic processes to form ground state I-atom products.
A. TKER Distribution
Photodissociation of CH2I2 at 248 nm, followed by I* ionization via REMPI near
313 nm, with both lasers polarized parallel to the plane of the detector, results in the
image shown in Figure 2b (left image), which includes contributions from both the
combined 248 nm + 313 nm lasers and 313 nm alone. The one-color I* signal from 313
nm photolysis/ionization alone is shown in Figure 2a (left image) and described in detail
in Appendix I. The one-color I* signal is also evident in Figure 2b. However, there are
additional features in the image that are clearly due to the presence of the 248 nm
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Figure 2. Raw images (right columns) and reconstructed total kinetic energy release
profiles (left column) of I* (2P1/2) resulting from (a) 313 nm probe laser photodissociation
and ionization, discussed in Appendix I, (b) the combination of 248 nm photodissociation
and 313 nm probe laser photodissociation and ionization, and (c) the subtraction,
indicating signal arising from 248 nm photodissociation followed by probe laser
ionization. Gaussian functions are used to fit the data, shown as dashed lines. The
polarizations of the probe and excimer lasers are illustrated with purple and blue arrows,
respectively. Note that the raw images with the probe laser polarization parallel to plane
of the detector were averaged for less than 10,000 shots, whereas the images with the
probe laser polarization perpendicular to the plane of the detector were averaged for
~178,000 shots. The image in panel c is linearly scaled to approximately 1.5 times the
size of the previous panels.
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excimer laser. These additional features include a broad region with large kinetic energy
release and a smaller, low kinetic energy release portion.
The polarization of the probe laser was then rotated perpendicular to the plane of
the detector, resulting in a circular I* image from 313 nm alone (Figure 2a, right image)
that improved the image subtraction process discussed below. The total image from the
combination of the probe laser at 313 nm, now perpendicularly polarized, and the parallel
polarized 248 nm excimer laser (Figure 2b, right image), is reconstructed and the
resulting total kinetic energy release (TKER) profile is shown in the left hand side of
Figure 2b, where the total translational energy is obtained through conservation of
momentum based on the velocity of I*. The TKER profile is fit to a sum of three
Gaussian functions. The middle Gaussian profile is the same in both peak position and
breadth as one-color I* signal seen in Figure 2a when the 313 nm probe laser (alone) is
polarized perpendicular to the detector. The additional components arising from 248 nm
photolysis required two Gaussians functions to fit the profile: a large, broad feature at
high TKER and a smaller, narrow feature at low TKER, which are discussed in more
detail below.
Subtracting the one-color I* signal from 313 nm alone yields I* arising from
CH2I2 photodissociation at 248 nm followed by state selective ionization by the probe
laser, which is shown as the difference image in Figure 2c. The raw image is
reconstructed and the resulting TKER profile is shown on the left hand side of Figure 2c.
The features evident in the subtracted raw image are more clearly seen in the TKER
profile. Fitting the TKER profile from the reconstruction of the subtracted image shows
two Gaussians with widths and peak positions analogous to those of the features evident
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prior to the image subtraction process. The dominant higher TKER feature is centered at
2100 cm-1 with a fwhm ~2800 cm-1 and a smaller, narrow, low TKER feature is peaked at
500 cm-1 with a fwhm ~500 cm-1.[32]
Small, low TKER features have been seen, but not assigned, in prior one-color
photodissociation studies of CH2I2 in the 277-304 nm region.[15,19] In the present twocolor study, the low TKER product requires both 248 nm and 313 nm light and the 313
nm must be resonant with the I* REMPI transition, indicating that spin-orbit excited
iodine atoms are being ionized. We speculate that if CH2I radicals produced by 248 nm
photodissociation were to absorb a second photon of either 313 nm or 248 nm and
dissociate to CH2 + I*, the resultant I* fragments would have low kinetic energy, as
suggested in earlier studies.[17] We note that the integrated area of this feature is an
order of magnitude smaller than the larger feature at higher TKER and does not influence
the results derived from the dominant peak, and thus will not be considered further here.
B. Angular Distribution
Another important aspect of the experimental results is the character of the
electronic transition involved in the photodissociation process, which is reflected in the
angular distribution derived from the image. The anisotropy of the I* image determined
in the reconstruction can often be directly related to the properties of the excited
electronic state involved in the photodissociation process. The lab frame angular
distribution, I (θ), is defined as:

I    1   P2  cos   
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where θ is the angle between the recoil direction and the polarization of the photolysis
laser, P2 is the second-order Legendre polynomial, and β is the anisotropy parameter.
The anisotropy parameter, β, can range from -1 for a pure perpendicular transition to +2
for a pure parallel transition for the dissociation of a diatomic with the additional
assumption of a rapid dissociation process compared to the rotational period of the
molecule.[33]
Following 248 nm excitation, the angular distribution at the peak and nearby
vicinity of the dominant high TKER feature shows a β parameter of +0.81(5), indicating
that this feature arises from a prompt dissociation process. The electronic states accessed
via 248 nm excitation have been proposed to be of B2 and A1 symmetry,[16] although
recent theoretical work labels it as a single state of A1 symmetry.[20] The molecular
frame anisotropy formula, β ≈ 2P2(cos), where is defined as the angle between the
transition dipole moment and the fragment recoil velocity, can be used to predict the β
parameter. The dipole moment for the CH2I2 A1 ← X A1 transition would bisect the ICI
angle, which in the ground state is experimentally determined to be 114.7°,[34] resulting
in a predicted β = -0.13. The dipole moment for CH2I2 B2 ← X A1 transition is
perpendicular to the ICI plane. This would result in a β parameter of -1. A mixing of
these two states, no matter the relative composition, would give a negative β parameter
and not the positive value obtained experimentally.
It is difficult to rationalize the observed β = +0.81(5) value based on simple
models for the electronic states of CH2I2 at 248 nm. One scenario is an alternative
assignment (other than A1 or B2) for the excited state in the Franck-Condon region,
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including the possibility of mixed electronic character. A transition to a state with B1
character would yield a positive β parameter since the dipole moment for a B1 ← X A1
transition lies parallel to the I-I direction,[15,16,19] resulting in a β = +1.13. In addition
to the lower B1 states, there is the possibility of another heretofore unidentified B1 state
contributing to the absorption at 248 nm, e.g. a higher state of unknown symmetry
reported near 226 nm,[25] yet the simple exciton model originally used to assign the
electronic absorption bands of CH2I2 does not predict another B1 state in this vicinity.
Another possible explanation is that the dissociation process accesses regions of
nonadiabatic interaction and the resultant mixing of states with different electronic
character could influence the observed β parameter. While the B2 and/or A1 states of
interest both correlate to the CH2I + I* products,[16,23] there are a significant number of
electronic states, both singlet and triplet in character, coupled by spin-orbit interactions
that could influence the dissociation dynamics.[20]
IV. Discussion
The total energy available, Eavl, to CH2I + I* (2P1/2) fragments in channel (2)
following photodissociation of CH2I2 at 248 nm can be expressed as
Eavl = hν – D0 – EI* = ET + Eint
where hν is the photon energy, D0 is the dissociation energy,[21] EI* is the I* (2P1/2) – I
(2P3/2) energy,[35] ET is the total translational energy of the fragments, or TKER, and Eint
is the internal excitation of the CH2I fragment. The dominant TKER feature in Figure 2c
arising from photodissociation of CH2I2 at 248 nm via channel (2) has an average total
translational energy ET =2100 cm-1, corresponding to only 14% of the available energy
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(Eavl ~ 14800 cm-1). The remaining 86% of the available energy is deposited into the
nascent CH2I photofragments with an average internal energy Eint = 12,700 cm-1 (36.3
kcal mol-1). The distribution over translational energies also reveals the corresponding
spread of internal energies for the CH2I fragments.
The present findings are consistent with the prior IR emission from CH2I
fragments produced by channel (1) or (2).[21] The observation of significant IR emission
over a broad range of wavelengths indicated extensive CH2I internal excitation, with
vibrational excitation nearing a quasicontinuum of states. The CH2I internal energy
(~85% of Eavl) estimated from IR emission arising from both I and I* channels can be
compared with the present experimental result (~86% of Eavl) for channel (2) alone to
demonstrate that the CH2I fragments acquire similar percentages of the available energy
in channels (1) and (2).
A simple impulsive model can be applied to CH2I2 dissociation to predict the
fraction of available energy being channeled into product translation.[21,36] An
instantaneous impulse coming from the C-I bond rupture causes translational energy to be
imparted to products based on the reduced mass of the atoms directly involved with the
dissociating bond (C-I) relative to the system as a whole. This simple model predicts that
translational energy will account for 16% of the available energy, leaving the remaining
84% as CH2I internal energy. This is quite similar to what is seen experimentally (86%).
Moreover, as observed experimentally here and elsewhere,[19] this fraction does not
change significantly over the photolysis wavelength from 313 nm to 248 nm, remaining
close to 80-85%. This simple impulsive model seems to work well to describe the CH2I2
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photodissociation dynamics for the many different excited electronic states accessed in
this wavelength range as well as for both I and I* product channels (1) and (2).
Interestingly, the internal energy distribution of the CH2I fragments is broader
upon photolysis of CH2I2 at 248 nm than the narrow distribution observed upon
photolysis at 313 nm (shown in Figure 2a and discussed in Appendix I) and the 277-305
nm wavelength region probed previously.[19] The TKER distribution and corresponding
internal energy distribution of the CH2I fragments resulting from 248 nm photolysis is
almost four times as broad (fwhm  2800 cm-1) as that from 313 nm photolysis (fwhm
~700 cm-1). A prior photodissociation study of CH2I2 at 266 nm showed a similarly
broad distribution (fwhm ~ 3100 cm-1), although this study did not distinguish between I
and I* cofragments in channel (1) and (2).[17]
The photodissociation of CH2I2 at 248 nm is of renewed interest because it is
being used in laboratory settings to generate the smallest Criegee intermediate,
CH2OO.[1-4] The subsequent reaction of CH2I photofragments with O2 generates
CH2OO + I in a near thermoneutral process.[5] The internal energy distribution of the
CH2I fragments determined in this work should enable future modeling of the internal
excitation of the CH2OO intermediates.
The CH2I fragment is generated with an average internal energy of ~36 kcal mol-1
with an 8 kcal mol-1 breadth (fwhm) in the CH2I + I* channel (0.46 quantum yield).[22]
Since a similar partitioning of available energy to CH2I fragments is evident in the I*
channel (this work) and combined I/I* channels (prior work),[21] one can infer that the
CH2I + I channel will have the same partitioning. As a result, the average internal energy
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of the CH2I fragments in the I channel is expected to be close to ~54 kcal mol-1, likely
with a similar breadth. [A small fraction of the CH2I fragments may even have enough
internal energy to dissociate into CH2 + I ( H rxn = 62.6 kcal mol-1)[21], which would no
longer be relevant to the formation of CH2OO via the CH2I + O2 reaction.] This bimodal
distribution of internally ‘hot’ CH2I fragments is expected to give rise to highly excited
CH2OO intermediates.
Moreover, the degree of CH2OO internal excitation produced in the new
laboratory scheme with 248 nm photolysis of CH2I2, in particular channel (1), is
comparable to that acquired in alkene-ozone reactions in the atmosphere, which are
highly exothermic reactions with up to 60 kcal mol-1 released to products.[9] This
suggests that the CH2OO intermediates generated via the alternative laboratory scheme at
248 nm may undergo unimolecular and bimolecular processes similar to those observed
upon ozonlysis of alkenes. Notably, there should be adequate internal excitation of the
Criegee intermediate to isomerization to dioxirane (barrier height of 19.2 kcal mol-1),[37]
and release OH radicals.[4,8,9]
The simplest Criegee intermediate has also been generated using 351 nm
photolysis of CH2I2.[38] CH2I2 has an order of magnitude smaller absorption cross
section at 351 nm than 248 nm,[39] which in principle can be overcome by the high
photon flux of excimer lasers. The internal energy distribution of the CH2OO
intermediate is also expected to be much lower, since the CH2I fragments will have
substantially less internal excitation. The fraction of available energy channeled into
CH2I internal energy is similar at 351 nm and 248 nm, but the amount of CH2I internal
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excitation is substantially different. Since only the CH2I + I product channel is open,[22]
CH2I fragments will be generated with ~25 kcal mol-1 of internal energy, assuming 85%
partitioning of the available energy. This is significantly less than the CH2I internal
excitation from 248 nm photodissociation via channels (1) and (2). The lower internal
excitation of CH2I and correspondingly lower internal energy of CH2OO should make it
easier to collisionally stabilize the Criegee intermediates for subsequent study.
V. Conclusion
The photodissociation dynamics of CH2I2 at 248 nm is examined using velocity
map imaging with detection of the I*(2P1/2) product by 2+1 REMPI at 313 nm. The
polarization of the 313 nm probe laser is oriented perpendicular to that of photolysis laser
and the plane of the detector as a means to improve subtraction of the one-color I* signal
from 313 nm photolysis/ionization alone. The resultant image arising from 248 nm
photolysis is reconstructed to obtain the velocity and angular distributions of the I*
products as well as the corresponding kinetic energy release to products and anisotropy
parameter. The dominant feature in the TKER distribution has a sizable breadth and

ET = 2100 cm-1, which corresponds to only 14% of the available energy. This leaves
the remaining 86% channeled into the internal excitation of the CH2I cofragment, where

Eint = 12,700 cm-1 (36.3 kcal mol-1). This is in accord with a previous investigation of
IR emission from CH2I fragments originating from a combination of the I and I*
channels.[21] The dominant TKER feature has a positive anisotropy parameter of  =
+0.81(5) derived from the image reconstruction. This is not consistent, however, with the
electronic character (A1 and/or B2) previously predicted for 248 nm excitation of CH2I2
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(β = -0.13 or -1 for A1 or B2 transitions, respectively). The positive  value suggests
mixing of electronic states in the Franck-Condon region and/or in the dissociation
dynamics. A more in depth theoretical treatment, similar to what has been done recently
at lower energies,[20] would be necessary to understand the dissociation dynamics at this
high energy. Photodissociation of CH2I2 at 248 nm is of renewed interest because
reaction of the CH2I fragments with O2 is being used to produce the simplest Criegee
intermediate CH2OO in the laboratory. Assuming that the high degree of internal
excitation of the CH2I fragment is carried over into CH2OO, the internal energy of the
Criegee intermediate produced in the laboratory likely mimics that from alkene
ozonolysis in the atmosphere.
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Alkenes are an important tropospheric constituent, originating from biogenic and
anthropogenic sources. A major atmospheric removal process for alkenes is ozonolysis.1,
2

This is a highly exothermic process that produces a primary ozonide with a cyclic

structure, which dissociates to form a carbonyl oxide, known as the Criegee intermediate,
and an aldehyde (or ketone).1, 3, 4 The Criegee intermediates are generated with a large
amount of internal excitation, which can lead to unimolecular decomposition or
rearrangement, forming products such as OH, HO2, CO, CO2, CH3, and H2CO.2, 4 The
Criegee intermediate can also be collisionally stabilized and/or react with tropospheric
species including H2O, NO2 and SO2.5-7 The rates for these bimolecular reactions are
more rapid and conformer-specific than previously thought, which may substantially
change predictions of their tropospheric chemistry.8
Recent experiments in this laboratory have revealed an additional atmospheric
decay pathway for the simplest Criegee intermediate CH2OO and other alkyl substituted
carbonyl oxides, namely solar photolysis in the UV region.9, 10 For CH2OO, Beames et
al. obtained the B1Aʹ ← X 1Aʹ absorption spectrum in the UV region by measuring the
UV-induced depletion of the ground state population and corresponding VUV
photoionization signal at m/z=46. The CH2OO B-X spectrum peaks at 335 nm with a
breadth of 40 nm (fwhm) and a large absorption cross section of 5 x 10-17 cm2
molecule-1. Theoretical calculations indicate that this is a * ←  transition primarily
involving 4 e localized on the carbonyl oxide group in the Franck-Condon region.11 A
very large depletion approaching 100% near the peak of the profile is indicative of rapid
dynamics in the excited B1Aʹ electronic state and consistent with the repulsive B-state
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potential along the O-O coordinate computed theoretically.9, 10, 12 The UV absorption
spectrum was combined with the solar actinic flux to estimate an atmospheric lifetime for
CH2OO at midday on the order of 1 s with respect to solar photolysis.
In this Chapter, we significantly extend the previous study of the UV B 1Aʹ ←
X1Aʹ absorption spectrum for the simplest Criegee intermediate CH2OO by probing the
resultant dissociation dynamics using velocity map imaging (VMI). Specifically, we
obtain the kinetic energy and angular distributions of the O 1D products from direct
dissociation of CH2OO B 1Aʹ to O 1D + H2CO X 1A1 products. The ground X1Aʹ state of
CH2OO also correlates with this same asymptotic limit. (The lower energy O 3P + H2CO
X 1A1 product channel is spin-forbidden.) Notably, the translational energy release is
used to infer an upper limit for the ground state binding energy (D0) of CH2OO X1A1,
which is then compared with the wide range of theoretical predictions for this important
thermodynamic property.12-15
Only recently have the CH2OO and CH3CHOO Criegee intermediates been
observed directly in the gas phase utilizing VUV photoionization near threshold to
provide isomer- and mass-selective detection;5, 7, 16 prior studies have relied on indirect
methods for detection.17 These recent studies also introduced a new photosynthetic route
for generating the Criegee intermediates from diiodo alkane precursors.5, 7 The simplest
Criegee intermediate CH2OO is generated in this laboratory in a similar manner.9, 10
Specifically, a gas mixture of CH2I2 entrained in a 10% O2/Ar (15 psig) is irradiated
along the length of a quartz capillary tube reactor using the 248 nm output from an
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excimer laser, initiating the photolysis of CH2I2 and subsequent reaction of CH2I with O2
to form CH2OO.
The Criegee intermediates are collisionally stabilized in the capillary tube, cooled
in a supersonic expansion, and then travel 4 cm downstream into the interaction region
of a VMI apparatus. The frequency-doubled output of a Nd:YAG pumped dye laser
utilizing many dyes (0.5 mJ, 0.3 cm2, 7 ns) crosses the interaction region and excites
CH2OO on the B-X transition in the 300-365 nm range (pump laser). After a short time
delay (30 ns), the O 1D dissociation products are ionized via 2+1 resonance enhanced
multiphoton ionization (REMPI) at 205.47 nm,18 which is generated by frequencytripling the output of another Nd:YAG pumped dye laser (probe laser). This laser is
scanned over the O-atom Doppler profile during image collection. The counter
propagating probe laser is focused into the center of the interaction region (50 cm focal
length lens) and spatially overlapped with the unfocused UV pump laser. Ions travel
through a field free time-of-flight (TOF) region and are velocity focused onto a spatially
sensitive MCP/phosphor screen coupled detector, which is gated for the O+ mass (m/z =
16). The pump and probe laser polarizations are aligned and both set parallel to the plane
of the detector. The VMI apparatus design and calibration are discussed in detail
elsewhere.19 TOF profiles along with the spatial images captured by a CCD camera, such
as the example shown in Figure 1, are transferred to a laboratory computer for further
analysis. Image reconstruction is performed using the BASEX program.20 The resultant
radial distribution is then integrated over the angular coordinate to give the velocity
distribution of the O 1D fragments.
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Figure 1. Velocity mapped raw image with derived total kinetic energy release (TKER)
and anisotropy parameter (β) distributions for O 1D products resulting from photolysis of
the simplest Criegee intermediate CH2OO at 360 nm. The polarizations of the pump and
probe lasers are vertical in the plane of the detector. The TKER distribution is fit to a
polynomial expansion as a guide to the eye with baseline at zero. The anisotropic angular
distribution in the raw image and associated β parameter arise from the interaction of the
transition dipole moment (TDM,  ) with the pump laser polarization. In the molecular

frame, the angle  between the TDM of CH2OO and the recoil velocity ( ) of the O-

atom fragment is evaluated from the anisotropy parameter.
43

Following excimer photolysis, a large pump laser induced O+ signal is detected
with resonant probe laser ionization. No O+ signal is seen when the probe laser is tuned
off-resonance of the REMPI transition, demonstrating that the O+ signal arises
exclusively from ionization of O 1D. In addition, a much smaller O+ signal is observed
with the excimer and 2+1 REMPI probe lasers only; no signal is detected with the probe
laser alone. Using velocity information from the image, this small signal is attributed to
photodissociation of IO at 205.47 nm, producing I* (2P1/2) + O 1D, which is subsequently
ionized by the same laser.21 In order to remove this small excimer + probe signal, an
active background subtraction scheme was implemented for TOF and image data
collection. This is achieved by operating the pump laser (5 Hz) at half the repetition of
the other lasers (10 Hz).
Initially, the pump laser is stepped across a broad UV spectral range while
monitoring the O+ signal arising from O 1D REMPI, yielding the UV action spectrum
shown in the leftmost panel of Figure 2. The UV action spectrum with peak at 331 nm
and breadth of 40 nm (fwhm) reproduces the UV absorption spectrum for CH2OO
reported previously within experimental uncertainty.9 This close correlation indicates
that the species generating O 1D is indeed CH2OO. The experimental uncertainties,
derived from repeated measurements (error bars) and Gaussian fits, for the UV action and
absorption spectra of CH2OO are sufficiently large to preclude determination of small
changes in the O1D quantum yield. The absolute O 1D quantum yield is not determined
in this work. We note that there is another energetically accessible product asymptote,
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Figure 2. Left panel: CH2OO action spectrum is obtained by detecting O 1D products
following UV excitation in the 300-365 nm range. The smooth curve is a fit to a
Gaussian function with baseline at zero; the uncertainty is illustrated by the shaded area.
A schematic repulsive potential for the CH2OO B-state in the Franck-Condon region is
illustrated with arrows indicating the excitation wavelengths used for image analysis.
Right panel: Total kinetic energy release (TKER) distributions for O 1D + H2CO X 1Aʹ
products arising from photodissociation of CH2OO at 308 nm (black), 330 nm (purple),
and 360 nm (blue) are plotted relative to the photon energy, Eh . The common
termination of the distributions at 54 kcal mol-1 corresponds to an upper limit for the
CH2OO X 1Aʹ dissociation energy. The gray shaded area represents the rotational energy
of the H2CO product estimated using an impulsive model, which reduces the upper limit
for the dissociation energy of CH2OO X 1Aʹ to O 1D + H2CO X 1Aʹ products to D0 ≤ 47
kcal mol-1. The other asymptotic limits are positioned accordingly. The rotational and
vibrational excitation of the separating H2CO product is shown schematically.
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O 3P + H2CO a 3A, shown in Figure 2, but no information is currently available on the
branching to this product channel.
The VMI images collected (and reconstructed) following UV excitation of
CH2OO at several wavelengths (308, 330, and 360 nm) provide a wealth of new
information on the velocity distribution and anisotropic angular distribution of the O 1D
photofragments. The total kinetic energy released (TKER) to the O1D + H2CO X 1A1
products in the photodissociation process is obtained through conservation of momentum
based on the velocity distribution of the O1D fragments. A representative image and
corresponding TKER distribution resulting from 360 nm photolysis (pump laser) is
shown in Figure 1. The TKER distribution peaks at 4000 cm1, falling off to higher and
lower energy, but is otherwise unstructured over its 9000 cm-1 span. Analogous TKER
distributions are obtained following 308 and 330 nm photolysis of CH2OO with their
properties listed in Table 1.
The VMI image of the O 1D fragments also exhibits an anisotropic angular
distribution I(θ), which can be recast in terms of an anisotropy or  parameter
I ( )  1    P2 (cos  ) , where P2 is a second-order Legendre polynomial and  is the

angle between the recoil direction and the polarization of the UV photolysis laser.22 At
360 nm, a  parameter of 0.97(3) is obtained for O 1D fragments with kinetic energies
near the peak of the TKER distribution shown in Figure 1. Analogous angular
distributions are seen upon photolysis of CH2OO at 308 and 330 nm with the same value
for  (Table 1). The  parameter does not change with excitation energy or over the
range kinetic energies observed at each excitation wavelength. In the molecular frame,
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the  parameter is related to the angle  between the transition dipole moment (TDM,  )

 
and the velocity recoil v vectors via   2 P2 (   v )  2 P2 (cos  ) .22 The

experimentally derived  parameters yield an average  of 35.7(2)°, thereby determining
the angle between the TDM and the O1D recoil along the original O-O bond axis as
shown in Figure 1.
Complementary electronic structure calculations10 at the EOM-CCSD/6311++G(2d,2p) level of theory are used to evaluate the TDM for the B-X transition of
CH2OO in the Franck-Condon region. The angle between the TDM and O-O bond is
evaluated to be 30° and oriented as shown in Figure 1. The theoretically derived angle is
in good agreement with that determined experimentally, demonstrating that the angular
distribution of the O 1D products is a reflection of the * ←  transition originating from
the 4 e system of the COO group in the CH2OO intermediate. Early GVB calculations
by Wadt and Goddard also placed the TDM at 30° from the O-O bond.23 The
experimentally derived TDM, similar to that predicted theoretically, and the invariance of
the anisotropy parameter with excitation energy and TKER are indicative of prompt
dissociation. This is also in accord with the repulsive nature of CH2OO B 1Aʹ potential
along the O-O stretch coordinate in the Franck-Condon region based on high level
electronic structure calculations.9, 10,12
Using conservation of energy, Eavl  Eh  D0  TKER  Eint ( H 2CO ) , the TKER
distribution can be directly related to the internal energy distribution of the formaldehyde
cofragment Eint(H2CO) using the photon energy Ehν and dissociation energy D0 to O 1D +
H2CO X 1A1 products or corresponding available energy Eavl. (The internal energy of the
48

Table 1. Characteristics of the total kinetic energy (TKER) and anisotropic angular
distributions derived from reconstructed images of O 1D products following photolysis of
CH2OO at 308, 330, and 360 nm. The peak and fwhm of the TKER distributions are
obtained from a Gaussian fit. The anisotropy parameter β is defined in the main text.
308 nm

330 nm

360 nm

Peak / cm-1

6,300

5,400

4,000

fwhm / cm-1

6,800

5,500

4,400

β

0.98(2)

0.99(2)

0.97(3)
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jet-cooled Criegee intermediate is assumed to be small and is neglected.) However, the
dissociation energy for CH2OO or other Criegee intermediates has not been established in
any prior experimental study and varies greatly among theoretical predictions as
discussed below.12-15 Nevertheless, plotting the TKER distributions arising from
photodissociation of CH2OO at 308, 330, and 360 nm as Eh  TKER in Figure 2 shows
the similar profiles of the distributions starting at Eh and terminating at a common
energy of 54 kcal mol-1. The lowest translational energies at Eh correspond to the
highest internal energies for H2CO; similarly, the highest translational energies at
Eh  TKER = 54 kcal mol-1 indicate the lowest internal (vibrational + rotational) energy

for H2CO. Since the lowest internal energy of the H2CO fragment is its zero-point level,
the 54 kcal mol-1 cutoff of the TKER distributions represents a rigorous upper limit for
the CH2OO X 1Aʹ binding energy relative to O 1D + H2CO X1A1 products.
The rotational energy of the nascent H2CO fragments can be separately estimated
using a simple impulsive model, which assumes prompt dissociation, as seen
experimentally, on the repulsive B-state potential in the Franck-Condon region.
Specifically, a model developed by Butler and coworkers equates the rotational angular
momentum imparted to formaldehyde as a result of impulsive O-O bond breakage with
the orbital angular momentum arising from the recoiling O 1D atom product.24 The
rotational energy of the H2CO fragments can then be related to the experimentally
derived recoil kinetic energy using Erot 

b 2
IC

ET , where  is the reduced mass of the

H2CO + O system, b is the impact parameter, IC is the moment of inertia about the C
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inertial axis of the H2CO subunit, and ET is the total kinetic energy release (TKER). The
factor b 2 I C is evaluated to be 0.20 based on the equilibrium geometry for CH2OO.25
This factor changes only slightly if the equilibrium geometry for the separated H2CO
product is utilized,26 although the geometries differ as detailed below. Using this model,
the rotational energy of the H2CO product is estimated to be 5 kcal mol-1 at the
maximum TKER following 360 nm photolysis of CH2OO, and even greater rotational
energies (up to 8 kcal mol-1) can result from 330 and 308 nm photolysis. It should be
noted that zero-point vibrational motion of CH2OO, particularly the COO bend, will
result in a range of impact factors and corresponding small changes (1 kcal mol-1) in the
predicted rotational energies of the H2CO fragments. Using the estimated rotational
energy for the H2CO product reduces the CH2OO binding energy to D0  47 kcal mol-1.
The broad span of the TKER distributions is indicative of a high degree of
vibrational excitation in the H2CO products. Vibrational excitation extending over 9000
to 13,500 cm-1 is evident following photolysis of CH2OO, corresponding to 80% of Eavl
. This substantial vibrational excitation likely originates from changes in the equilibrium
structure for CH2OO as compared to H2CO. In particular, the HCH angle decreases by
close to 10 and the C-O bond length decreases by 0.07 Å upon dissociation, suggesting
multiple quanta of CO stretch, HCH rock, and/or HCH bend excitation in the H2CO
products. The TKER distribution lacks structure because of the substantial vibrational
and/or rotational excitation of the H2CO fragments.
There are several theoretical predictions of the CH2OO X 1Aʹ → O 1D + H2CO X
1

A1 dissociation energy or the bond dissociation energy (BDE) for the spin-forbidden
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channel of CH2OO X 1Aʹ to ground state O 3P + H2CO X 1A1 products. The latter value
differs by the energy difference between the ground (3P) and excited (1D) states of atomic
oxygen (45.4 kcal mol-1)27 as shown in Figure 1. Using CCSD(T)/CBS, Nguyen et al.
reported a BDE for CH2OO of 5.8 kcal mol1,15 corresponding to D0 = 51.2 kcal mol-1.
Alpincourt et al. considered the dissociation of CH2OO X 1Aʹ along the O-O coordinate,
although a specific value for De was not reported.12 Another study by Anglada and
coworkers14 computed a CH2OO X 1Aʹ dissociation energy of D0 = 32.4 kcal mol-1.
Earlier work by Cremer et al. predicted D0 to be 47.0 kcal mol1.13 Additional high level
multi-reference configuration interaction (MRCI) with a Davidson correction calculations
performed in this group at the MRCI//CASSCF(12,11)/aug-cc-pVTZ level using the
Molpro computational suite28 yield a dissociation energy of De = 51.7 kcal mol-1.
Representative points along the O-O stretch coordinate generated using a larger active
space [MRCI//CASSCF(18,14)/aug-cc-pVTZ] are consistent with this dissociation
energy. The MRCI value for De is corrected for the reduction in zero-point energy upon
dissociation using the anharmonic frequencies computed by Su et al. for CH2OO29 and
the experimental frequencies for H2CO,30 giving D0 = 49.2 kcal mol-1. The experimental
upper limit for the dissociation energy, D0  54 kcal mol-1, as well as a best estimate
obtained by accounting for impulsive rotational excitation imparted to the recoiling
H2CO (D0  47 kcal mol-1) are in very good agreement with the present MRCI results and
prior calculations by Nguyen et al.15 and Cremer et al.13 described above.
The dissociation energy of CH2OO X 1Aʹ relative to O 1D + H2CO X 1A1 is greater
than the bond energy of a typical O-O single bond, e.g. CH3OOH at D0 = 42.6±1 kcal
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mol-1,31 reflecting the biradical and/or zwitterionic character of the COO group.
Similarly, the O-O bond length of CH2OO, recently determined by Fourier transform
microwave spectroscopy, rOO = 1.345 Å,25 is shorter than a typical O-O single bond. One
should note that isomerization of CH2OO to dioxirane is predicted to have a barrier of
19.2 kcal mol-1 using CCSD(T)/6-31G(d,p),32 indicating that isomerization and
subsequent decomposition to OH radicals and other products2, 4 will be favored over O-O
bond breakage for energized CH2OO intermediates.
The UV photolysis of CH2OO intermediates has potentially significant
atmospheric implications since the O 1D products will react at a gas kinetic rate with H2O
in the troposphere to generate secondary OH radicals.33 Under atmospheric conditions,
Criegee intermediates formed by alkene ozonolysis will be rapidly photolyzed by solar
radiation in the UV region9, 10 to generate O 1D and secondary OH radicals. This
mechanism is quite similar to the primary scheme for OH production in the troposphere,
in which O 1D is generated from O3 photolysis with UVB solar radiation,33 differing
mainly in the requirement of an alkene-rich environment.
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CHAPTER 4

Velocity Map Imaging of O-Atom Products from UV Photodissociation
of the CH2OO Criegee Intermediate
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I. Introduction
Gas phase ozonolysis of alkenes is generally understood to proceed by
cycloaddition of ozone across the C=C bond producing an internally excited primary
ozonide. The primary ozonide undergoes rapid unimolecular dissociation to form a
carbonyl and carbonyl oxide species, the latter known as a Criegee intermediate.1-3
Newly formed Criegee intermediates are also highly energized, and undergo further
unimolecular decay, collisional stabilization, and/or bimolecular reactions with
atmospheric species.4, 5 Only recently have the simplest CH2OO and CH3CHOO Criegee
intermediates been observed directly in the laboratory utilizing VUV photoionization
near threshold to provide isomer- and mass-selective detection.6-8 These studies also
introduced a new photosynthetic route for generating the Criegee intermediates from
reaction of iodoalkyl radicals with O2,7, 8 starting from iodoalkyl radicals with high
internal energy.9 A wide variety of spectroscopic studies of the Criegee intermediates
have rapidly followed, including FTMW,10-12 IR,13-15 and UV studies,16-22 the latter the
focus of the present chapter.
This laboratory showed that the simplest Criegee intermediate CH2OO has a very
strong UV absorption spectrum peaked at 335 nm with a large cross section (  5 x 1017

cm2 molec-1)16 under jet-cooled conditions (Trot 10 K).14 This initial spectrum of

CH2OO was obtained by UV-induced depletion of the VUV photoionization (10.5 eV)
signal detected with a time-of-flight (TOF) mass spectrometer at m/z=46. The very large
UV-induced depletion – approaching 100% with unfocussed UV laser radiation – and
broad unstructured spectrum (40 nm FWHM) are indicative of rapid dynamics in the
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excited B1A electronic state, consistent with dissociation along the O-O coordinate as
predicted theoretically.16, 23, 24 Furthermore, Lehman et al. showed that UV excitation of
CH2OO at 308, 330, and 360 nm results in rapid (ps) dissociation dynamics to O 1D
products (see below).25 Similar UV spectra with large absorption cross sections have
been obtained for several alkyl-substituted Criegee intermediates,17, 18, 20, 22 illustrating
that it is a characteristic signature of the * transition localized on the COO group of
Criegee intermediates.
Later, Sheps and Ting et al. made further measurements of the UV absorption
spectrum of CH2OO using a standard Beer’s law approach under thermal conditions.19, 21
Both groups report that the UV absorption spectrum of CH2OO extends to longer
wavelength under thermal conditions, where it exhibits diffuse structure. The absorption
spectrum computed with a one-dimensional model based on MRCI-F12 electronic
structure theory by Dawes et al. shows similar weak oscillations that are attributed to
recurrence of the wave packet.26 By contrast, no measurable UV-induced depletion of
the VUV photoionization signal was detected for jet-cooled CH2OO at   380 nm.16
Lehman et al. demonstrated that UV excitation of CH2OO to the excited B1A
state results in prompt dissociation, yielding O 1D products that were detected by 2+1
resonance enhanced multiphoton ionization (REMPI) at 205 nm.25 A UV action
spectrum was obtained for jet-cooled CH2OO by scanning the excitation wavelength
while monitoring the yield of O 1D products associated with the lowest spin-allowed
dissociation channel:
CH2OO B1A  H2CO X1A1 + O 1D
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The O 1D UV action spectrum reproduces the UV absorption spectrum reported
previously for CH2OO under jet-cooled conditions.16 The 2+1 REMPI detection of O 1D
products was also utilized for velocity map imaging (VMI) studies of the CH2OO
dissociation dynamics at several wavelengths (308, 330, and 360 nm) across the UV
spectrum. The anisotropic angular distributions observed in VMI images at each UV
wavelength indicate that dissociation occurs more rapidly than the rotational period of
CH2OO ( 4 ps). Additional information derived from the VMI studies include the
orientation of the transition dipole moment with respect to the O 1D recoil along the O-O
bond axis, the total kinetic energy release (TKER) distribution, and the associated
internal energy distribution of the formaldehyde co-fragments. The common termination
of the total kinetic energy distributions, after accounting for the different excitation
energies, provided a rigorous upper limit for the CH2OO X1Aʹ dissociation energy of D0
 54 kcal mol-1.
The excited B1Aʹ electronic state of CH2OO was first computed to be repulsive in
the O-O bond coordinate by Aplincourt et al.23 They utilized the CASPT2 method to
examine the dissociative nature of several low-lying CH2OO excited singlet states that
converge on the H2CO X1A1 + O 1D asymptotic limit. The recent experimental data on
B-X electronic excitation of CH2OO has provided an impetus to develop a more complete
set of potential energy surfaces to describe the photodissociation dynamics of the
simplest Criegee intermediate.16, 17, 19, 21 The theoretical challenge has been to examine
dissociation on multiple coupled potential energy surfaces leading to two asymptotic
limits: H2CO X1A1 + O 1D and H2CO a3A + O 3P. Both of these spin-allowed product
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Figure 1. Diabatic potential surfaces for CH2OO in its ground and excited singlet states
computed along the O-O coordinate with COO angle fixed at 120 are adapted from
Samanta et al. (Figure 2(b) of Ref. 24). Also shown are the computed B-X absorption
spectrum (black) for CH2OO (Figure 8 of Ref. 24) and color-coded diabatic potentials
leading to the H2CO a3A + O 3P (blue, S2, and gray, S1) and H2CO X1A1 + O 1D (red,
overlapping S3 and S4, S5 and S7 diabatic surfaces) asymptotic limits. [Adapted with
permission from J. Chem. Phys. 141, 134303 (2014). Copyright 2014 American Institute
of Physics.]
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channels are expected to be energetically accessible over the range of the UV spectrum
based on experimental and theoretical estimates for the ground state CH2OO X1Aʹ
dissociation energy reported by Lehman et al.25 Direct examination of the H2CO a3A +
O 3P channel is the focus of the present experimental study.
Recently, Samanta et al. computed two dimensional CASSCF potential energy
surfaces (PES) to examine the lowest eight singlet states of CH2OO as a function of the
O-O bond length and COO angle.24 These surfaces were constructed specifically to
model the photodissociation dynamics of CH2OO, focusing on producing smooth,
continuous diabatic surfaces from the Franck-Condon region to the dissociation limit,
including relevant diabatic couplings. Importantly, this work encompassed all of the
electronic states that correlate with the H2CO X1A1 + O 1D and H2CO a3A + O 3P
asymptotes. These diabatic surfaces along the O-O coordinate are reproduced in Figure
1, along with the computed B-X absorption profile for CH2OO. Wavepacket simulations
propagated from the Franck-Condon region of the B state, involving multiple coupled
excited state potentials, showed that dissociation is rapid and results in a branching
fraction that heavily favors the production of H2CO a3A + O 3P products (95%). This
theoretical study provided the first estimate of the branching ratio between the H2CO
X1A1 + O 1D and H2CO a3A + O 3P product channels. The theoretical method
(CASSCF) and electronic state weighting scheme utilized to produce smooth surfaces
without discontinuities for dynamics, however, was not as rigorous for spectroscopy.
The computed B-X excitation spectrum at 0 K, also shown in Figure 1, is predicted to be
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too high in energy and too wide in breadth when compared with the experimental
spectrum obtained under jet-cooled conditions.
More recent electronic structure calculations have built on the CASSCF study by
utilizing a different weighting scheme and including dynamic correlation effects at the
MRCI level.26, 27 The latest work has focused on refining the PES in the Franck-Condon
region to obtain spectroscopically accurate CH2OO B-X absorption spectra. The newer
potentials have somewhat different profiles than the CASSCF surfaces. In particular, the
Frank-Condon region occurs at lower energy and lies close to the energetic threshold for
the H2CO a3A + O 3P channel. While the newer potentials also show regions of strong
coupling between the excited electronic states, they have not yet been utilized for
dynamical studies. Nevertheless, the ground state CH2OO X1Aʹ dissociation energy
obtained from the MRCI calculations is in accord with both experiment and prior
theory.25
This report extends the VMI studies of the UV photodissociation dynamics of the
CH2OO intermediate to the next higher energy spin-allowed channel
CH2OO B1A  H2CO a3A + O 3P
which lies 26.7 kcal mol-1 higher in energy than the lowest spin-allowed channel utilizing
the well-known singlet-triplet spacings in formaldehyde and oxygen atoms.28, 29 (A spinforbidden H2CO X1A1 + O 3P product channel at lower energy is also possible, but no
evidence for this channel is found experimentally.30) In this study, the O 3P products are
detected using 2+1 REMPI at 226 nm31, 32 to obtain the UV action spectrum and velocity
map image, the latter revealing the anisotropic angular distribution and total kinetic
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energy distribution of the O 3P products. As will be discussed herein, the TKER
distribution provides information on the internal energy distribution of the formaldehyde
co-fragment in its excited a3A electronic state and permits refinement of the ground state
dissociation energy for CH2OO X1Aʹ to H2CO X1A1 + O 1D products. Insight is gained
on the energetic threshold for forming H2CO a3A + O 3P products, and some information
is derived on the branching between the two spin-allowed pathways following UV
excitation of CH2OO.
II. Experimental Methods
The UV photodissociation dynamics of CH2OO is investigated through two types
of experiments: UV action spectroscopy and velocity map imaging (VMI). In both cases,
the O 3P atomic products are detected by 2+1 REMPI at 226 nm.31, 32 In the first type of
experiment, the total O+ (m/z=16) ion yield is detected as a function of UV excitation
wavelength to obtain an UV action spectrum for CH2OO. In the second type of
experiment, VMI measurements provide velocity and angular information on the O 3P
products following excitation of CH2OO at fixed UV wavelengths. Previously, Lehman
et al. reported similar measurements with detection of O 1D products by 2+1 REMPI at
205 nm.25
The simplest Criegee intermediate CH2OO is generated in a pulsed supersonic
expansion as described previously.16 The diiodomethane (CH2I2) precursor (Sigma
Aldrich >98% purity) vapor is entrained in a 10% O2/Ar carrier gas at 15 psig and pulsed
from a solenoid valve (Parker-Hannifin General Valve) into a quartz capillary tube (~1
mm ID; 40 mm length). The CH2I2 precursor is photolyzed by the 248 nm output of a
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KrF excimer laser (Coherent, Compex 102), which is loosely focused along the length of
the capillary tube using a cylindrical lens. The photolytically generated CH2I radicals
react with O2 to form highly internally excited CH2OO.18, 33 The CH2OO is collisionally
stabilized in the capillary tube and cooled in the ensuing supersonic expansion.
The Criegee intermediates, along with other components of the gas mixture, travel
~4 cm downstream into the interaction region of the VMI apparatus, where they are
crossed by the UV pump laser operating in the 290-370 nm range. The UV radiation is
generated by frequency-doubling the output of a Nd:YAG (Continuum Powerlite 7020,
532 nm) pumped dye laser (Continuum ND6000) utilizing many dyes (Rh 610, 640;
DCM; LDS 698, 750; and various dye mixtures), calibrated with a wavemeter (Coherent
WaveMaster), and output power recorded (RJ-F7100, Laser Precision Corp.). After a
short time delay (50 ns), the O 3P products are ionized via a 2+1 REMPI process using a
counter-propagating UV probe laser at 226 nm.31, 32 The probe radiation is generated by
frequency-tripling the output of a Nd:YAG (Innolas, 532 nm) pumped dye laser (Radiant
Dyes, Narrowscan, DCM and LDS 698 mixture). The probe laser is focused into the
center of the interaction region by a 40 cm focal length lens and spatially overlapped with
the unfocused UV pump laser. The probe laser is scanned over the O-atom Doppler
profile (0.3 cm-1) during image collection.
The ions travel through a field free time-of-flight region and are velocity focused
onto a spatially sensitive MCP/phosphor screen coupled detector, which is gated for the
O+ mass (m/z = 16). The VMI apparatus design and calibration are discussed in detail
previously.9, 25 The VMI setup is further calibrated using the O+ image from
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photodissociation of IO at 205 nm, producing I* (2P1/2) and O 1D,34 the latter of which is
ionized by the same laser via 2+1 REMPI.35 IO is a byproduct in the reaction of CH2I
with O2,19, 36, 37 which is used to produce CH2OO. Analysis yields an energy resolution
(E/E) of 10%, which is reduced to 8% when a centroiding algorithm is employed in
data acquisition.38, 39 The 2D spatial images are captured by a CCD camera and
transferred to a laboratory computer using a LabView program. 3D image reconstruction
is performed using the BASEX program to obtain the velocity and angular distributions
of the O 3P fragments.40 In some of the action spectroscopy measurements, the ions are
detected using a standard Wiley-McLaren linear TOF instrument (RM Jordan), described
elsewhere.16, 17
There are two significant sources of background O 3P atoms in the present
experiments: 248 nm excimer laser photolysis of O2 in the capillary tube and 226 nm
probe laser photolysis of O2 in the interaction region. Although the absorption cross
section for O2 at 226 and 248 nm is quite small (  1024 cm2 molec-1),4 the excess O2 in
the gas expansion results in a sizeable O 3P background signal that is addressed in several
ways. In all experiments, the O 3P background signals arising from photolysis of O2 by
the excimer (248 nm) and probe (226 nm) lasers are removed using an active background
subtraction scheme. Here, the UV pump laser is operated at half the repetition rate (5 Hz)
of the other lasers (10 Hz) enabling background subtraction on a shot-by-shot basis.
For VMI experiments, additional steps are taken to reduce the intensity of
background signals in specific spatial locations. The O 3P atoms generated in the
capillary tube from 248 nm excimer laser photolysis of O2 are cooled in the supersonic
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expansion and the resultant background signal appears as a small but intense spot in the
central region of the MCP detector. To overcome this problem, a physical beam block of
3 mm diameter (grounded) was positioned in front of the detector (parallel to detector at
10 cm separation distance), which is similar in design to that utilized by Neumark and
coworkers.41 The beam block results in a dark circular region in the center of the VMI
images; there is no apparent change in the reconstructed image with the beam block in
place aside from the central region.
In addition, the background O 3P signal arising from 226 nm probe laser
photolysis of O2 results in an intense ring in the image at 0.19 eV kinetic energy when the
pump and probe laser polarizations are both set parallel to the plane of the VMI
detector.42, 43 In some cases, this background signal is reduced by setting the polarization
of the probe laser perpendicular to the plane of the detector, while retaining the pump
laser polarization parallel to the detector. This allows the background ions to be spread
over a larger area of the detector, decreasing the absolute ion intensity in one spatial
region, and improves the quality of the subtracted image.
III. Results
A. Velocity map imaging
VMI is utilized to study the dissociation dynamics of CH2OO following UV
excitation on the B1A′ - X1A′ transition. Previously, the O 1D fragments associated with
the lowest spin-allowed O 1D + H2CO X1A1 channel were imaged following excitation at
308, 330, and 360 nm.25 In this chapter, the O 3P fragments associated with the higher
spin-allowed O 3P + H2CO a3A channel are examined following excitation at 330 and
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Figure 2. Top: Representative velocity mapped raw image recorded with vertical
polarization (arrow) for the UV pump laser at 330 nm in the plane of the detector.
Middle: Total kinetic energy release (TKER) distribution for O 3P2 products resulting
from photolysis of the simplest Criegee intermediate CH2OO at 330 nm. Bottom: TKER
distribution for O 3P2 products resulting from photolysis of CH2OO at 350 nm. The
arrows in the middle and bottom panels indicate the termination of the TKER
distributions. The sticks in the bottom panel illustrate a model for vibrational excitation
of the H2CO a3A co-fragment in the CH2 wag (ν4, blue) and C-O stretch (ν2, purple)
modes (see Table 1). (Simulation of rovibrational excitation of the H2CO a3A cofragment is shown in Figure A3.52) The molecular structure illustrates the angle 
between the transition dipole moment (TDM,  ) of CH2OO and the recoil velocity ( v )
of the O 3P2 atomic fragment.
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350 nm. The O 3P2 fine structure state is found to be strongly preferred following UV
photodissociation of CH2OO. As a result, the present experiments focus on the O 3P2
product state exclusively. The two-dimensional ion image of the O 3P2 fragments
obtained following UV excitation of CH2OO at 330 nm, near the peak of the B-X
spectrum, is shown in Figure 2. The radial distribution is integrated over the angular
coordinate to obtain the velocity distribution for the O 3P2 fragments. The total kinetic
energy released (TKER) to the H2CO a3A + O 3P2 products is then obtained using
conservation of linear momentum based on the velocity distribution of the O 3P2
fragments. The resultant TKER distribution shown in Figure 2 is quite broad and
unstructured with a peak at ~1900 cm-1 and breadth of ~2200 cm-1 (FWHM); a
polynomial fit is superimposed on the data as a guide to the eye. The TKER distribution
obtained following UV excitation of CH2OO at 350 nm is also shown in Figure 2 (bottom
panel). Again, the TKER distribution is broad and lacking structure, while peaking at a
lower energy (~850 cm-1 with FWHM of 1100 cm-1) due to the decreased energy
available Eavl to products.
Using conservation of energy, Eavl can be expressed as
Eavl = Ehv  D0  ΔE = TKER + Eint(H2CO)
where Ehv is the photon energy, D0 is the dissociation energy of CH2OO X1A′ to H2CO
X1A1 + O 1D products, and ΔE is the energy spacing (26.7 kcal mol-1) between the two
product channels, H2CO X1A1 + O 1D and H2CO a3A + O 3P2. The internal energy of
CH2OO X1A′ is not included because it is negligible after cooling in the supersonic
expansion (Trot  10 K).14 Eavl is distributed to products as kinetic energy, represented by
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the TKER distribution, or internal (vibrational + rotational) energy of the H2CO a3A cofragments, Eint(H2CO). The highest kinetic energy in the TKER distribution, ET,max, will
correspond to the lowest internal energy of H2CO, which is assumed to be the zero-point
level of the excited a3A electronic state. The energy available to the products, Eavl, is
thus equivalent to ET,max. The termination of the TKER distribution at ET,max ~ 3900 
120 cm-1 upon 330 nm excitation can be used to establish the threshold for the higher
energy H2CO a3A + O 3P2 product channel of ca. 76 kcal mol-1 (Ehv  ET,max = D0 + E);
this corresponds to UV excitation of CH2OO X1A′ at 378 nm. Subtracting the energy
spacing between the two product channels then yields an upper limit for the dissociation
energy of CH2OO X1A′ to H2CO X1A1 + O 1D products of D0  49.0  0.3 kcal mol-1.
Repeating the evaluation based on 350 nm excitation of CH2OO X1A′ and termination of
the corresponding TKER distribution at ET,max ~ 2100  130 cm-1 yields essentially the
same upper limit. This value is compared with a previous experimental determination
and theoretical predictions in the discussion section.
The anisotropic angular distribution of the O 3P fragments (Figure 2) makes it
clear that photodissociation of CH2OO at 330 nm is prompt, and rapid compared with the
ps timescale for rotation of the Criegee intermediate. A more detailed analysis of the
angular distribution of the O 3P2 fragments enables the orientation of CH2OO B-X
transition dipole moment (TDM,  ) with respect to the recoil velocity vector ( v ) of the
O-atom to be determined. The lab frame angular distribution, I(θ), can be expressed as

I    1    P2 (cos  )
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where θ is the angle between the recoil direction and the polarization of the UV
photolysis laser, P2 is a second-order Legendre polynomial, and β is the anisotropy
parameter. The angular distribution of the O3P2 products exhibits a β parameter of 1.3(1)
near the peak of the TKER distribution. The β parameter increases slightly with kinetic
energy over the FWHM of the distribution. In the molecular frame, the β parameter is
related to the angle χ between the TDM and v via   2 P2 (   v)  2 P2 (cos  ) .44
Accordingly, the experimentally derived β parameter yields an average angle χ of 29(2)°.
This value is compared with a previous experimental determination, obtained when
detecting O 1D products, and a theoretical prediction in the discussion section.25
B. UV Action Spectroscopy
Previously, the UV absorption spectrum of CH2OO has been reported under jetcooled and thermal conditions.16, 19, 21 In addition, the UV action spectrum of CH2OO has
been obtained by detecting the O 1D products that result from photodissociation of jetcooled CH2OO,25 which looks remarkably similar to the absorption spectrum recorded
under similar experimental conditions.16 In this work, an additional UV action spectrum
of CH2OO is recorded by detecting the O 3P2 products released upon UV photolysis of
jet-cooled CH2OO. The O 3P2 action spectrum of CH2OO shown in Figure 3 is recorded
by stepping the UV pump laser across a broad spectral range of 290-365 nm, while
selectively detecting O3P2 products using 2+1 REMPI at 226 nm and monitoring the total
O+ ion signal; the error bars (1) are from repeated measurements. The O 3P2 action
spectrum peaks at shorter wavelength (330 nm) than the previously reported CH2OO
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Figure 3. (Lower panel) CH2OO action spectrum recorded by detecting O 3P2 products
following UV excitation at discrete wavelengths (symbols) in the 290-365 nm range; the
error bars (1) are derived from repeated measurements. The action spectrum is
superimposed on a Gaussian fit (with blue shaded uncertainty) of the previously reported
CH2OO absorption cross section under jet-cooled conditions. [Adapted with permission
from J. M. Beames, F. Liu, L. Lu, and M. I. Lester, J. Am. Chem. Soc. 134, 20045
(2012). Copyright 2012 American Chemical Society.] In contrast to the absorption
spectrum, the action spectrum falls off more rapidly on the long wavelength side as it
approaches the energetic threshold for the H2CO a3A + O 3P asymptotic limit estimated
to occur at 378 nm (arrow). (Upper panel) Ratio of O 3P signal [O 3P] to absorption cross
section (abs) at discrete wavelengths follows a near linear dependence (with blue shaded
uncertainty), which increases from zero at 378 nm to a maximum yield at 300 nm; x
indicates the O 3P yield at 335 nm. Modeled action spectra for 5% (red), 20% (orange),
and 35% (green) yield of O 3P at 335 nm are shown in lower panel including uncertainty
estimates.
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absorption cross section measurements (335 nm).16 Moreover, the O 3P2 action
spectrum falls off more rapidly on the long wavelength side.
The changes evident in the O 3P2 action spectrum appear to arise from the close
proximity of the energetic threshold for the H2CO a3A + O 3P dissociation channel. The
VMI measurements indicate that the threshold occurs at ca. 378 nm, which lies on the
long wavelength edge of the CH2OO UV spectrum under jet-cooled conditions (indicated
by arrow in Figure 3).16 Modeling of the O 3P2 product yield over the region spanned by
the UV spectrum is presented in the discussion section.
IV. Discussion
A. Dissociation energy
Previously, Lehman et al. obtained an upper limit for the dissociation energy of
CH2OO X1A′ to H2CO X1A1 + O 1D, the lowest spin-allowed asymptote, of D0  54 kcal
mol-1.25 This value was derived from the termination of the TKER distributions when
detecting O 1D products following photolysis of CH2OO at 308, 330, and 360 nm. A
simple impulsive model was also utilized to estimate the rotational excitation (Erot) of the
H2CO X1A1 products, accounting for ca. 20% of the translational energy (ET), which
could potentially reduce the CH2OO dissociation energy to  47 kcal mol-1.
In this chapter, we examine the TKER distributions of the O 3P2 products
following photolysis of CH2OO at 330 and 350 nm. The higher asymptotic energy for
the H2CO a3A + O 3P channel (26.7 kcal mol-1) leaves much less energy available to the
products. The termination of the TKER distributions establishes an upper limit for the
dissociation energy of CH2OO X1A′ to H2CO X1A1 + O 1D of  49.0  0.3 kcal mol-1.
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Figure 4. Schematic diagram for the photodissociation dynamics of CH2OO with left
side showing the absorption spectrum obtained previously under jet cooled conditions.
[Adapted with permission from J. M. Beames, F. Liu, L. Lu, and M. I. Lester, J. Am.
Chem. Soc. 134, 20045 (2012). Copyright 2012 American Chemical Society.] The
arrow indicates UV excitation on the B-X transition at 330 nm. On the right side, the
total kinetic energy release (TKER) distributions obtained for the H2CO X1A1 + O 1D
[red; Adapted with permission from J. Chem. Phys. 139, 141103 (2013). Copyright 2013
American Institute of Physics.] and H2CO a3A + O 3P (blue) spin-allowed channels are
plotted relative to the photon energy as Eh - TKER. The termination of the TKER
distributions sets an upper limit for the energy required to dissociate CH2OO X1A to
H2CO X1A1 + O 1D (red) products of  49.0  0.3 kcal mol-1; the H2CO a3A + O 3P
(blue) asymptote lies 26.7 kcal mol-1 higher in energy. Also shown is an unobserved
spin-forbidden channel to H2CO X1A1 + O 3P (gray) products that would lie only 3.6 kcal
mol-1 higher in energy than CH2OO X1A′. The right axis indicates the energy relative to
the H2CO X1A1 + O 1D asymptote.
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The TKER distributions observed for both product channels following excitation at 330
nm, plotted relative to the photon energy as Eh - TKER, along with two spin-allowed
asymptotic limits are shown in Figure 4. Possible rotational excitation of the H2CO a3A
co-fragment is considered below, which could potentially lower the dissociation energy
by 1-2 kcal mol-1. Finally, the present results indicate that the unobserved spin-forbidden
channel to H2CO X1A1 + O 3P products would lie only 3.6 kcal mol-1 higher in energy
than the ground X1A′ state of CH2OO.
The newly established upper limit of D0  49.0  0.3 kcal mol-1 is in very good
agreement with most theoretical predictions, including zero-point corrections, for the
dissociation energy of CH2OO X1A′ to H2CO X1A1 + O 1D products. Dawes et al.
predicted D0 = 47.0 kcal mol-1 by characterizing the singlet states of CH2OO along the OO dissociation coordinate using explicitly-correlated MRCI-F12 electronic structure
theory.26 Lehman et al. reported D0 = 49.2 kcal mol-1 using MRCI//CASSCF(12,11)/augcc-pVTZ level electronic structure calculations.25 Nguyen et al. reported a bond
dissociation energy (BDE) of 5.8 kcal mol-1 for CH2OO,45 which corresponds to D0 =
51.2 kcal mol-1, when the energy difference between the ground O 3P and excited O 1D
states of atomic oxygen (45.4 kcal mol-1) is included. Another study by Anglada et al.
computed D0 to be 32.4 kcal mol-1,46 and the earliest work by Cremer et al. predicted a
CH2OO X1A′ dissociation energy of 47.0 kcal mol-1.47
B. Transition dipole moment
Complementary electronic structure calculations have previously been carried out
at the EOM-CCSD/6-311++G(2d,2p) level of theory to evaluate the transition dipole
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moment (TDM) for the B-X transition of CH2OO in the Franck-Condon region.25 The
theoretical prediction for angle χ between the TDM and O-O bond of 30° is in very good
agreement with the angle χ = 29(2)° determined experimentally from the anisotropy of
the O 3P2 angular distribution following photolysis of CH2OO at 330 nm. The agreement
between experiment and theory indicates that the O 3P2 angular distribution reflects the
π*← π transition originating from the 4π electron system of the COO group in the
CH2OO intermediate. Lehman et al. also observed an anisotropic distribution for the O
1

D products upon photolysis of CH2OO at 330 nm, and derived a somewhat larger value

for χ of 35.5(3)° (see Appendix II of Ref. 25). The slight discrepancy may reflect the
different vibrational motions, particularly out-of-plane vibrations, leading to
formaldehyde products in the two channels. Alternatively, the discrepancy may arise
from the nonadiabatic couplings between the excited singlet states along the O-O
dissociation coordinate that lead to H2CO X1A1 + O1D.24, 26
C. Vibrational excitation of formaldehyde fragments
The broad unstructured TKER distributions peaked at 1900 and 850 cm-1 for the
H2CO a3A + O3P channel following photolysis of CH2OO at 330 and 350 nm,
respectively, are indicative of significant internal excitation of the H2CO a3A cofragments. The average internal energy E int of the H2CO a3A co-fragments is
obtained by subtracting the average translational energy TKER from the maximum
translational energy (ET, max) at the termination of the TKER distribution, giving ca. 2000
and 1100 cm-1 at 330 and 350 nm, respectively. For the H2CO X1A1 + O 1D channel, far
more internal excitation of the H2CO X1A1 product, with E int of 6000 cm-1, results
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from UV excitation of CH2OO at 330 nm. Interestingly, E int is approximately half of
the energy available in each channel. We next consider the product formaldehyde
vibrational modes most likely to be excited in the dissociation events.
We develop a theoretical model to predict the partitioning of available energy in
the photodissociation of CH2OO to atomic oxygen and formaldehyde products. Let us
first consider dissociation of CH2OO to the lower asymptote corresponding to H2CO
X1A1 + O 1D, after which we consider the H2CO a3A + O3P channel investigated here.
The ground state Criegee intermediate (X1Aʹ) is excited to the B1Aʹ state in the FranckCondon region and promptly evolves to the dissociation limit, thereby releasing potential
energy to products as kinetic and internal energy. Some of this available energy will be
partitioned into vibrational excitation of the formaldehyde photoproduct in a nonstatistical and mode-specific manner. Because the dissociation is prompt, the available
energy will be released into those H2CO X1A1 vibrational modes associated with
significant structural changes between the Criegee intermediate and the formaldehyde
photofragment. The structural changes arise primarily from the change in the C-O bond
character: In CH2OO, the C-O bond of the carbonyl oxide group has mixed character
between that of a single and double bond, whereas it is a double bond C=O in
formaldehyde. This leads to a shortening of the C-O bond as well as a marked tightening
of the H-C-H angle and slight elongation in C-H bond lengths. As a result, we anticipate
vibrational excitation of C-O stretch and possibly other modes in the H2CO X1A1
products.

80

We next implement a theoretical approach to predict more quantitatively which
vibrational modes of H2CO X1A1 will be excited and to what degree. In our approach,
we switch the perspective of the problem and evaluate the vibrational excitations required
to distort the H2CO product from its minimum energy configuration to that of the
formaldehyde subunit within the Criegee intermediate. We adapt a harmonic normal
mode analysis from prior work for this purpose.14 The mathematical construct has been
described elsewhere and will only be briefly discussed here.
To start, the minimum energy geometry and harmonic force constants for
formaldehyde H2CO X1A1 along with the minimum energy structure of the Criegee
intermediate CH2OO X1Aʹ were computed using DFT//B3LYP/6-311+G(2d,p) in the
Gaussian suite of programs.48 The output parameters from these calculations listed in
Table 1 were utilized in the harmonic normal mode analysis, which was undertaken in
mass weighted internal coordinates and using a curvilinear set of normal mode
coordinates. The displacement along each of the curvilinear normal coordinates of H2CO
X1A1 required to reach the geometry of the formaldehyde moiety within the Criegee
intermediate, QiCI , is then determined. The approximate number of quanta (ni) that must
be placed in each normal mode (νi) of H2CO X1A1 in order for the Criegee intermediate
structure to fall within the classically allowed region of the harmonic potential is
evaluated using the expression14
2
2
1
1


i  ni    i  QiCI   i  ni  
2
2
2



Here, ωi is the harmonic frequency of the mode. The values of ni are listed in Table 1.
Formaldehyde modes with ni > 0 are expected to be vibrationally excited upon
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Table 1. Harmonic and anharmonic frequencies for the ground X1A1 and excited a3A
states of H2CO with quantum labels, along with a harmonic analysis of the degree (ni) of
H2CO vibrational excitation upon UV photolysis of CH2OO.
Quantum label
(C2v symmetry)

Vibrational description

Anharmonic

Harmonic
-1

frequency (cm )

frequency (cm-1) ni
[expt]a

H2CO X1A1
ν1 (a1)

sym. C-H stretch

2883

2725 [2783]

0

ν2 (a1)

C-O stretch

1812

1786 [1746]

1

ν3 (a1)

CH2 scissor

1529

1498 [1500]

0

ν4 (b1)

CH2 wag

1194

1177 [1167]

0

ν5 (b2)

antisym. C-H stretch

2942

2807 [2843]

0

ν6 (b2)

CH2 rock

1262

1241 [1249]

0

ν1 (aʹ)

sym. C-H stretch

2921

2739 [2871]b

0

ν2 (aʹ)

C-O stretch

1280

1248 [1283]c

1

ν3 (aʹ)

CH2 scissor

1289

1251

0

ν4 (aʹ)

CH2 wag

746

649 [538]d

3

ν5 (aʹʹ)

antisym. C-H stretch

3010

2798

0

ν6 (aʹʹ)

CH2 rock

867

853

0

H2CO a3A

a

Ref. 55.

b

Ref. 56.

c

The C-O stretch of H2CO a3A is labeled as ν2, following the convention in the

literature.
d

Frequencies and state labels (4n) for the CH2 wag (ν4) mode of H2CO a3A (Figure 3)

are obtained from Refs. 49, 50.
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dissociation of the Criegee intermediate. The analysis shows that only ν2, which is
predominantly C-O stretch in character, has ni > 0. This is consistent with the C-O bond
length change between H2CO X1A1 and CH2OO X1Aʹ described earlier. Despite other
geometric changes between the equilibrium configurations of these two species, the
simple harmonic analysis suggests that these changes are within the geometric space
sampled at the zero point level. However, anharmonic coupling to other modes may also
occur.
A similar analysis is performed for the dissociation of CH2OO B1Aʹ to the higher
H2CO a3A + O3P asymptotic limit. Again, we start by computing the minimum energy
geometry and harmonic force constants for H2CO in its excited a3A electronic state
using DFT//B3LYP/6-311+G(2d,p) in the Gaussian suite of programs (see Table 1).48 In
this case, there is an additional significant geometric change from CH2OO to H2CO a3A,
namely the hydrogen atoms no longer lie in the same plane as the carbon and oxygen
atoms. The simple harmonic analysis indicates that H2CO a3A will require both C-O
stretch (ν2) and CH2 wag (ν4) excitation to reach the planar geometry of the formaldehyde
moiety in the Criegee intermediate. Very significant displacements are required in this
out-of-plane coordinate, consistent with a large degree of excitation (ni=3) required in the
ν4 mode. This suggests that H2CO a3A products will be highly excited in the CH2 wag
(ν4) mode along with some C-O stretch (ν2) excitation in the dissociation process.
Product vibrational structure is not resolved in any of the experimental TKER
distributions due to kinetic energy resolution (E/E  10%), vibrational congestion, and
rotational excitation of the H2CO products. Nevertheless, we illustrate multiple quanta of
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vibrational excitation in the low frequency CH2 wag mode (ν4, blue) as well as C-O
stretch (ν2, purple) excitation and a ν2 + ν4 combination band (dashed) of H2CO a3A
using sticks underneath the TKER distribution in Figure 2 (bottom panel). The measured
and/or computed vibrational frequencies and state labeling (4n) for the CH2 wag (ν4)
mode of H2CO a3A are taken from Refs. 49, 50. We consider only 350 nm excitation of
CH2OO producing O 3P2 products since this scenario results in the least amount of
internal excitation of the formaldehyde product. The peak of the experimental TKER
distribution is consistent with multiple quanta of CH2 wag (44 = 1175 cm1) and/or one
quantum of CO stretch (ν2  1283 cm-1) of the H2CO a3A product. The relative intensity
of the sticks in Figure 2 is simply a guide to the eye based on a Gaussian distribution
centered at E int with the breadth of the TKER distribution.
This simple harmonic vibrational analysis neglects anharmonicity and nonadiabatic effects that may alter the vibrational energy distribution predicted for the
formaldehyde co-fragments in both product channels. The photodissociation of CH2OO
occurs on multiple coupled potential energy surfaces with several regions of strong nonadiabatic couplings.24, 26 One can anticipate that the local topography and nuclear forces
may alter the vibrational energy distribution of the formaldehyde fragments, although the
extent of these effects is unknown.
D. Rotational excitation of formaldehyde products
A simple impulsive model can be used to estimate the rotational excitation of the
formaldehyde fragments upon dissociation of CH2OO.51 The rotational angular
momentum imparted to formaldehyde as a result of impulsive O-O bond breakage is
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assumed equal to the orbital angular momentum arising from the recoiling O-atom
product; the initial rotational energy of jet-cooled CH2OO X1A′ is negligible. The
rotational energy of the H2CO fragments can then be related to the experimentally
determined kinetic energy release using E rot 

μb 2
E T where  is the reduced mass of the
Ic

H2CO + O system, b is the impact parameter, Ic is the moment of inertia about the C
inertial axis of the H2CO subunit, and ET is the total kinetic energy release (TKER). The
μb 2 I c factor is evaluated as 0.20 based on the equilibrium geometry for CH2OO X1A′.

Although CH2OO dissociation is prompt following excitation to a repulsive region of the
B state potential, suggesting that the impulsive model may be reasonable at early times,
the equilibrium geometries of the H2CO fragments differ from the formaldehyde subunit
within the Criegee intermediate as detailed in the previous section. For the H2CO X1A1
+ O 1D channel, the moment of inertia changes only slightly from the H2CO subunit in
CH2OO X1A′ compared to the H2CO X1A1 product. As a result, Lehman et al.
employed the impulsive model and estimated significant rotational excitation of the
H2CO X1A1 product (up to 8 kcal mol-1).25 For the H2CO a3A + O 3P channel, there are
more substantial changes in the product geometry, such that the impulsive model should
be taken as only approximate. Nevertheless, the impulsive model predicts about 2 kcal
mol-1 of rotational excitation for the H2CO a3A′′ product upon 330 nm (or 1 kcal mol-1
for 350 nm) photolysis of CH2OO, corresponding to 20% of ET. Accounting for product
rotational excitation would reduce the estimated dissociation energy for CH2OO X1A′ 
H2CO X1A1 + O 1D products to  47 kcal mol-1.
85

E. Branching between product channels
As shown in Figure 3, the O 3P2 action spectrum differs from the absorption
spectrum of CH2OO obtained under analogous jet-cooled conditions16 by a shift in its
peak position and more rapid falloff on the long wavelength side. The energetic opening
of the H2CO a3A + O 3P product channel at ca. 76 kcal mol-1 (from VMI results in Sec.
III. A), corresponding to UV excitation of CH2OO X1A′ at 378 nm, suggests that the
changes apparent in the O 3P2 action spectrum are due to the close proximity of this
energetic threshold. The O 3P yield is expected to increase above this threshold, and
ultimately become the dominant product channel based on the theoretical prediction of
Samanta et al.24 A detailed comparison of the O 3P signal relative to absorption cross
section, [O 3P]/abs, at discrete wavelengths across the spectrum, taking into account
uncertainty in both measurements, reveals a near linear relationship as shown in the upper
panel of Figure 3. The ratio [O 3P]/abs, proportional to the O 3P quantum yield, increases
from zero at 378 nm to a maximum at 300 nm. Essentially all of the O-atom products
are O 1D on the long wavelength edge of spectrum; the O 1D yield decreases and the O 3P
channel increases towards shorter wavelength. However, the O 3P yield at ca. 300 nm is
not known.
To address this question, at least qualitatively, we modeled the shape of the O 3P
and O 1D action spectra from 300 to 378 nm by multiplying the CH2OO B-X absorption
spectrum by a linear function (increasing from zero at 378 nm for O 3P), where the sum
of the O 3P and O 1D action spectra equals the absorption spectrum (see Figure A1).52
Specifically, we consider linear functions with O 3P yields of 5%, 20%, and 35% at 335
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Figure 5. (Upper panel) Predicted linear dependence of O 1D yield [O 1D] relative to
absorption cross section (abs) following UV excitation of CH2OO, decreasing from unity
at 378 nm to a minimum yield at 300 nm with blue shaded uncertainty; x and 1-x refer to
the O 3P and O 1D yield at 335 nm, respectively. (Lower panel) Modeled action spectra
for 95% (red), 80% (orange), and 65% (green) yield of O 1D at 335 nm including
uncertainty estimates. The experimental O1D action spectrum reported previously (Ref.
25) is essentially unchanged from the CH2OO absorption spectrum, which is shown as
the Gaussian fit (with blue shaded uncertainty). [Adapted with permission from J. M.
Beames, F. Liu, L. Lu, and M. I. Lester, J. Am. Chem. Soc. 134, 20045 (2012).
Copyright 2012 American Chemical Society.]
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nm. We seek to estimate the O 3P yield that captures the shifted peak and rapid fall off at
longer wavelength of the O 3P action spectrum without significantly changing the shape
of the O 1D action spectrum. As shown in Figure 3, the model reproduces the falloff on
the long wavelength side and the ca. –5 nm shift of the peak of the O 3P action spectrum
to 330 nm. The shape of the O 3P action spectrum is unchanged as the O 3P yield is
varied. On the other hand, the model predicts that the shape of the O 1D action spectrum
will change as the O 3P yield is varied as shown in Figure 5. As the O 3P yield increases
(and corresponding O 1D yield decreases), the O 1D action spectrum is predicted to shift
to longer wavelength, resulting in the peak shifting (by up to +5 nm) compared to the
absorption spectrum. Taking into account experimental uncertainty (shaded regions), the
predicted changes in the shape of the O 1D action spectrum would only become evident if
the H2CO a3A + O 3P channel is sizable (i.e. greater than ca. 20%) at 335 nm as
illustrated in Figure 5. Since the O 1D action spectrum observed experimentally is
essentially unchanged from the absorption spectrum under similar jet-cooled
conditions,16, 25 we infer that the O 3P yield is less than ca. 20% at 335 nm. The
corresponding O1D action spectrum with an 80% yield at 335 nm has the same shape
(within the respective uncertainties) as the absorption spectrum (see Figure A2).52 The
experimental O 3P yield is much smaller than predicted theoretically (95%),24 presumably
because theory predicts the peak absorption at much higher energy relative to the H2CO
a3A + O 3P asymptotic limit (Figure 1) than observed experimentally (Figure 4). The
experimental O 3P yield provides a new benchmark for the theoretical community, which
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will hopefully stimulate quantum dynamical studies of the dissociation dynamics on the
coupled potential energy surfaces.
In terms of potential atmospheric implications, the current study shows that solar
photolysis of CH2OO will primarily yield O 1D products. The O 1D photoproducts will
subsequently react with atmospheric water vapor and provide a secondary source of
tropospheric OH radicals in the daytime. However, the dominant atmospheric removal
pathway for CH2OO in the daytime has recently been shown to be reaction with water
dimers.53, 54
V. Conclusions
The O 3P products formed upon UV excitation of the simplest Criegee
intermediate CH2OO X1A′ at 330 and 350 nm are characterized using 2+1 REMPI in
conjunction with VMI to obtain the anisotropic angular distribution arising from rapid
dissociation and the TKER distribution associated with the H2CO a3A + O 3P product
channel. The TKER distributions are broad and structureless, reflecting the internal
energy distributions of the H2CO a3A fragments. A simple harmonic normal mode
analysis indicates that the CH2 wag (ν4) and C-O stretch (ν2) modes of H2CO a3A will be
significantly excited upon dissociation, while an impulsive model suggests some
rotational excitation of the fragments. The termination of the TKER distribution at each
UV wavelength establishes the energy required to yield H2CO a3A + O 3P products of
ca. 76 kcal mol-1, corresponding to a threshold excitation of 378 nm. This, in turn, is
utilized with the singlet-triplet spacings in formaldehyde and oxygen atoms to deduce the
energy required to reach the H2CO X1A1 + O 1D asymptotic limit. The latter provides an
89

upper limit for the dissociation energy from CH2OO X1A′ to H2CO X1A1 + O 1D of D0 
49.0  0.3 kcal mol-1, which is in good accord with theoretical predictions.
In addition, the O 3P products are detected by 2+1 REMPI as the UV excitation is
stepped across the strong B1A′ - X1A′ transition of CH2OO to yield the O 3P action
spectrum, which is compared with the previously reported absorption spectrum under
similar jet-cooled conditions.16 The O 3P action spectrum peaks at shorter wavelength
(330 nm) and falls off more rapidly on the long wavelength side. These spectral
changes arise from the close proximity of the energetic threshold for the H2CO a3A + O
3

P product channel at 378 nm. Modeling suggests that the O 3P product yield steadily

increases toward shorter wavelength over the region spanned by the UV absorption
spectrum of CH2OO,16 thereby distorting the shape of the O 3P action spectrum. On the
other hand, the O 1D action spectrum appears to follow the absorption spectrum of
CH2OO more closely, indicating that H2CO X1A1 + O 1D is the dominant product
channel. As a result, O 1D will be the major atomic oxygen product from solar photolysis
of CH2OO under atmospheric conditions.
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I. Introduction
A major oxidative loss pathway for atmospheric alkenes is reaction with ozone.1
Alkene ozonolysis proceeds by cycloadditional of ozone across the C=C bond to form a
highly energized primary ozonide, which dissociates to form a carbonyl oxide, known as
the Criegee intermediate, and carbonyl products. Ozonolysis of alkenes with terminal
double bonds will yield CH2OO, while those with internal double bonds will yield alkylsubstituted Criegee intermediates. For example, ozonolysis of E-2-butene and 2,3dimethyl-2-butene will yield CH3CHOO and (CH3)2COO, respectively, both of which are
proxies for carbonyl oxides with longer alkyl side chains.2 Recent studies in this
laboratory indicate that the UV spectra of alkyl-substituted Criegee intermediates on the
strong * transition of the carbonyl oxide group are shifted (by ca. -15 nm) from that
of the simplest carbonyl oxide species CH2OO under jet-cooled conditions.3-5 The
present chapter of this thesis examines the dissociation dynamics of a prototypical alkyl
substituted Criegee intermediate, syn-CH3CHOO, following UV excitation, and compares
the results with an analogous investigation of the CH2OO species.6, 7
Previously, this laboratory reported the UV absorption spectrum of CH3CHOO on
the B1A ← X1A transition under jet-cooled conditions by measuring the UV-induced
depletion of the VUV (10.5 eV) photoionization signal at m/z=60.4 The UV spectrum
was peaked at 320 nm (32 nm FWHM) and attributed to a very strong * transition
of the more stable syn-conformer of CH3CHOO, the latter supported by complementary
theoretical calculations. Significant UV-induced depletions – greater than 50% – were
observed, indicative of rapid dynamics in the excited B1A state. The present chapter of
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this thesis further demonstrates that UV excitation of CH3CHOO results in rapid ( 2 ps)
dissociation to O 1D or O 3P products via two spin-allowed channels:
CH3CHOO B1A → CH3CHO X1A + O 1D
→ CH3CHO a3A + O 3P
UV absorption spectra of CH3CHOO with contributions from both syn- and anticonformers were subsequently observed under thermal conditions.8, 9 The larger
component of the thermal absorption spectrum later attributed to syn-CH3CHOO has a
similar peak (323 nm) and breadth (40 nm FWHM) as the jet-cooled spectrum, while
the smaller (~30%) component assigned to anti-CH3CHOO due to its more rapid reaction
with H2O is significantly shifted with peak at 360 nm and increased breadth (55 nm
FWHM).9 The UV spectral studies along with FTMW, IR, and photoionization
measurements indicate that the syn-conformer of CH3CHOO is more abundant than antiCH3CHOO,4, 8-12 although the relative contribution of the smaller anti-conformer appears
to vary with experimental conditions and detection method. The greater abundance of the
syn-CH3CHOO conformer observed experimentally is in accord with theoretical
predictions of increased stability for the syn-conformer (3.6 kcal mol-1) and a high barrier
separating the two conformers.5, 13 The increased stability of the syn-conformer in its
ground state arises from a weak intramolecular interaction between the terminal O-atom
with the hydrogen atoms located on the methyl group. The present chapter of this thesis
focuses on the UV photodissociation dynamics of syn-CH3CHOO based on selective
excitation (e.g. 305 nm) where it is generally agreed that only the syn-conformer
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contributes to the UV absorption spectrum,9 along with imaging studies at longer
wavelengths.
Analogous studies of the UV photodissociation dynamics of the simplest Criegee
intermediate CH2OO have recently been carried out by this laboratory.6, 7 These studies
showed that UV excitation of jet-cooled CH2OO X1Aʹ to the excited B1A electronic state
results in dissociation to two spin-allowed product channels: H2CO X1A1 + O 1D and
H2CO a3A + O 3P. Both O 1D and O 3P channels were characterized by velocity map
imaging and UV action spectroscopy. Anisotropic angular distributions were observed
following UV excitation at 308, 330, and 360 nm for O 1D and 330 and 350 nm for O 3P
products, in each case indicating that dissociation occurs more rapidly than the rotational
period of CH2OO ( 4 ps). The total kinetic energy (TKER) distributions were broad and
structureless, reflecting the internal excitation of the H2CO X1A1 or a3A co-fragments.
The termination of the TKER distribution associated with the H2CO a3A + O 3P channel
established the energy required to reach this asymptotic limit of ca. 76 kcal mol-1,
corresponding to a threshold excitation of 378 nm. When combined with the singlettriplet spacings of formaldehyde and oxygen atoms, this also yielded the energy required
for CH2OO X1Aʹ to dissociate into H2CO X1A1 + O 1D of 49.0  0.3 kcal mol-1, which is
in good accord with theoretical predictions.6, 14-17
The O 1D action spectrum, recorded by stepping the UV excitation across the
CH2OO B1A ← X1A transition and detecting O 1D products by 2+1 REMPI, mirrors the
previously reported UV absorption spectrum peaked at 335 nm (40 nm FWHM) under
similar jet-cooled conditions, which was obtained by UV-induced depletion of the VUV
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photoionization (10.5) signal at m/z=46. On the other hand, the O 3P action spectrum,
again recorded by stepping the UV excitation across the CH2OO B1A ← X1A transition
but in this case detecting the O 3P products by 2+1 REMPI, peaks at shorter wavelength
(ca. 330 nm) and falls off more rapidly on the long wavelength side. These spectral
changes were attributed to the close proximity of the energetic threshold for the H2CO
a3A + O 3P channel at 378 nm. Modeling suggested that the O 3P channel increases
uniformly from 378 to 300 nm across the CH2OO UV spectrum; the O 3P yield near the
peak (335 nm) is estimated at less than ca. 20%.
The present chapter of this thesis identifies the energetic threshold for the
CH3CHO a3A + O 3P product channel using velocity map imaging and O 3P action
spectroscopy of syn-CH3CHOO. This, in turn, is utilized with the singlet-triplet splittings
of acetaldehyde and oxygen atoms18, 19 to determine the energy required for dissociation
of syn-CH3CHOO to CH3CHO X1A + O 1D products. Information is also gained on the
internal energy distribution of the acetaldehyde co-fragments in each channel as well as
the branching between the two spin-allowed pathways following UV excitation of
CH3CHOO.
II. Experimental Methods
The CH3CHOO Criegee intermediate is generated in a similar manner as previous
experiments in this laboratory.4 The 1,1-diiodoethane (CH3CHI2) precursor is entrained
in a 10% O2/Ar carrier gas (15 psig) and pulsed through a quartz capillary tube (~1 mm
ID; 40 mm length) into the vacuum chamber. The precursor is photolyzed by 248 nm
radiation from a KrF excimer laser (Coherent, Compex 102) along the length of the
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capillary tube and the alkyl iodide photofragment subsequently reacts with O2 to form
CH3CHOO. The Criegee intermediates are collisionally stabilized in the capillary tube,
cooled in the supersonic expansion, and then travel ~4 cm downstream into the
interaction region of the velocity map imaging (VMI) apparatus.7, 20
The jet-cooled Criegee intermediates are intersected at right angles by the UV
pump laser. UV radiation in the 280-370 nm range is generated by frequency-doubling
the output of a Nd:YAG (Continuum Powerlite 7020, 532 nm) pumped dye laser
(Continuum ND6000) utilizing many dyes (Rh 610, 640; DCM; LDS 698, 750; and
various dye mixtures). After a short time delay (50ns), the O 3P2 or O 1D products are
selectively ionized via 2+1 resonance enhanced multiphoton ionization (REMPI) at
225.656 nm or 205.47 nm,21, 22 respectively, which are generated by frequency-tripling
the output of another Nd:YAG (Innolas, 532 nm) pumped dye laser (Radiant Dyes,
Narrowscan, DCM and LDS 698 dye mixture for 226 nm, Rh 610 and Rh 640 dye
mixture for 205 nm). This probe laser is focused at the center of the interaction region by
a 40 cm focal length lens and spatially overlapped with the unfocused, counterpropagating UV pump laser. The polarization of both lasers are aligned and set parallel
to the plane of the detector. The ions are accelerated on axis with the supersonic
expansion in the ion optics, fly through a field free time-of-flight tube, and are velocity
focused onto a spatially sensitive MCP/phosphor screen coupled detector, which is
electronically gated for the O+ mass (m/z=16). Different repeller voltages are used to
collect O 3P2 and O 1D images such that the resolution of the images are maximized. The
image is magnified approximately two-fold for the O 3P2 products. The VMI apparatus
design and calibration are discussed in detail previously.6, 7, 20 The calibration yields an
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energy resolution (E/E) of 10%. A CCD camera is used to capture the spatial images
and the BASEX program is used to obtained velocity and angular distributions in image
reconstruction.23 The probe laser is scanned over the O-atom Doppler profile (±0.4 cm-1
for O 1D and ±0.3 cm-1 for O 3P) during the image collection.
O-atom background signals arise in both O 3P2 and O 1D measurements. The O
3

P2 background signal originating from 248 nm photolysis of O2 in the capillary tube is

cooled in the supersonic expansion and appears as an intense central spot on the MCP
detector; this background is removed by a physical beam block (3 mm diameter)
positioned in front of the detector.7, 24 The beam block results in a dark circular region in
the center of the VMI images; there is no apparent change in the rest of the reconstructed
image. The beam block is utilized for all experiments and removes the lowest 150 and 40
cm-1 of the TKER distributions derived from the O 1D and O 3P2 images, respectively.
The O 3P2 background signal at 0.19 eV kinetic energy arising from 226 nm photolysis of
O225, 26 in the interaction region is reduced using an active background subtraction
scheme, although a residual ring remains at the outside of the image. Only the spatial
region inside of this ring is analyzed. In O 1D experiments, a weak O-atom background
signal is attributed to 205 nm (probe laser) photolysis of IO, a byproduct in the synthesis
of CH3CHOO, which yields I* 2P1/2 + O 1D.27 The active background subtraction scheme
eliminates this weak source of background from the O 1D images.
III. Results
The UV photodissociation dynamics of jet-cooled CH3CHOO is investigated
through two types of measurements: UV action spectroscopy and velocity map imaging
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(VMI). In UV action spectroscopy, the yield of the O 3P or O 1D photoproducts is
collected as a function of UV excitation wavelength across a broad UV spectral region.
In the VMI measurements, angular and velocity information for the O 3P and O 1D
products are obtained following photodissociation of CH3CHOO at fixed UV
wavelengths.
A. UV action spectroscopy
In this study, we initially recorded the UV action spectrum of jet-cooled
CH3CHOO by stepping the UV pump laser across a broad spectral range of 280 to 370
nm range, while selectively detecting O1D products using 2+1 REMPI at 205 nm and
monitoring the total O+ ion signal. The resultant O1D action spectrum is shown in Figure
1a as symbols (circles) with error bars (1) derived from repeated measurements. The
O 1D action spectrum looks remarkably similar to the previously reported absorption
spectrum for CH3CHOO under jet-cooled conditions, which was recorded by UVinduced depletion of the VUV (10.5 eV) photoionization signal at m/z=60.4 The
previously reported absorption spectrum is depicted by a Gaussian fit (with blue shaded
uncertainty) in Figure 1. The absorption spectrum was attributed principally to the more
stable syn-conformer of CH3CHOO, in accord with the theoretically predicted spectral
shift for this conformer compared to the anti-conformer of CH3CHOO and CH2OO.4 By
analogy, the O 1D action spectrum can be ascribed to photodissociation of the synconformer of CH3CHOO.
Next, we recorded the UV action spectrum of jet-cooled CH3CHOO by again
stepping the UV pump laser, while selectively detecting O3P2 products using 2+1 REMPI
103
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Figure 1. (a) CH3CHOO action spectrum recorded by detecting O 1D products following
UV excitation at discrete wavelengths (circles) in the 280-370 nm range; the error bars
(±1σ) are derived from repeated measurements. The O 1D action spectrum is
superimposed on a Gaussian fit (with blue shaded uncertainty) of the previously reported
CH3CHOO absorption cross section under jet-cooled conditions [Adapted with
permission from J. Chem. Phys. 2013, 138, 244307 (Figure 6). Copyright 2013
American Institute of Physics] (b) CH3CHOO action spectrum recorded by detecting O
3

P products following UV excitation at discrete wavelengths (triangles) in the 280-330

nm range (no O 3P signal is detected at longer wavelengths); the error bars (±1σ) are
derived from repeated measurements. In contrast to the absorption spectrum, the O 3P
action spectrum falls off dramatically with increasing wavelength and approaches the
threshold for the CH3CHO a3A + O 3P product channel at 324 nm (arrow).
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at 226 nm and monitoring the total O+ ion signal. (The present experiments focus on the
predominant O 3P2 fine structure state exclusively. The fine-structure notation is dropped
hereafter as a simplification.) In this case, the resultant O3P action spectrum, shown in
Figure 1b as symbols (triangles) with error bars (1) derived from repeated
measurements, looks remarkably different when compared to the absorption spectrum.
O3P products are detected only with pump laser excitation in the 280-326 nm region.
The O3P action spectrum falls off dramatically with increasing UV wavelength; the O3P
signal drops to essentially zero at 324 nm. The termination of the O3P action spectrum
occurs near the peak of the UV absorption spectrum, signaling an energetic threshold for
formation of O3P products at 30,900 cm-1 (88.2 kcal mol-1). The O3P signal increases
toward shorter UV wavelengths to a maximum at 286 nm, indicative of increasing O3P
yield with increasing UV energy, and then begins to fall off at 282 nm presumably due
to very weak UV transition probability. For comparison, the UV absorption of jet-cooled
CH3CHOO decreases from a maximum at 320 nm to half-maximum at 302 nm, and
continues to drop off to 280 nm. The energetic threshold for appearance of O3P products
is considered in more detail using VMI measurements in the next section.
B. Velocity map imaging
VMI is utilized to examine the dissociation dynamics of CH3CHOO following
UV excitation on the B1A′ ← X1A′ transition. The O 1D fragments associated with the
lowest spin-allowed CH3CHO X1A + O 1D channel are imaged following excitation at
305, 320, and 350 nm. The O3P fragments associated with the higher spin-allowed
CH3CHO a3A + O 3P channel are also imaged following excitation at 305 nm; the
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Figure 2. (Upper panel) Representative velocity mapped raw image for O 1D fragments
recorded with vertical polarization (arrow) for the UV pump laser at 305 nm in the plane
of the detector. (Lower panel) Total kinetic energy release (TKER) distributions for
CH3CHO X1A + O 1D products arising from photodissociation of CH3CHOO at 305, 320
and 350 nm. Simple polynomial fits are superimposed on the data to guide the eye. The
top axis indicates the relative velocity (vrel) of O-atom and acetaldehyde at low kinetic
energies.

108

combined singlet-triplet splittings (E) of acetaldehyde and oxygen atoms18, 19 place this
channel 32.5 kcal mol-1 higher in energy than the lowest spin-allowed channel. (A spinforbidden CH3CHO X1A + O 3P product channel at lower energy is also possible, but no
experimental evidence is found for this channel, which would result in very high velocity
O3P products.)
The two-dimensional ion image of the O 1D fragments obtained following UV
excitation of CH3CHOO at 305 nm, where only the syn-conformer contributes to the B-X
UV absorption spectrum,9 is shown in Figure 2. Very similar anistropic angular
distributions are observed at 305, 320, and 350 nm, indicating that dissociation occurs
more rapidly than the rotational period of CH3CHOO ( 2 ps) over essentially the entire
spectral region reported for the UV absorption of CH3CHOO under jet-cooled conditions.
The lab frame angular distribution, I(θ), can be recast as I    1    P2 (cos ) , where θ
is the angle between the recoil direction and the polarization of the UV photolysis laser
and P2 is a second-order Legendre polynomial. The derived anisotropy parameter β is
0.84(4) near the peak of the kinetic energy distribution and is essentially unchanged with
UV wavelength. The β parameter increases slightly over the range of kinetic energies
observed. In the molecular frame, the β parameter is related to the angle χ between the
transition dipole moment (TDM,  ) and recoil velocity vector ( v ) of the O-atom along
the O-O bond axis via   2 P2 (   v)  2 P2 (cos  ) . The experimentally derived β
parameter yields an average angle χ of 38.4(8)°.
An anisotropic angular distribution is also observed when detecting O 3P
fragments following UV excitation of CH3CHOO at 305 nm, as shown in Figure 3, again
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Figure 3. (Upper panel) Representative velocity mapped raw image of O 3P fragments
recorded with vertical polarization (arrow) for the UV pump laser at 305 nm in the plane
of the detector. The white dashed circle defines the region attributed solely to
CH3CHOO; the outer ring arises from incomplete background subtraction. (Lower panel)
Total kinetic energy release (TKER) distribution for CH3CHO a3A + O 3P products
arising from photodissociation of CH3CHOO at 305 nm. The arrow in the lower panel
indicates the termination of the TKER distribution (ET,max), which is assumed to
correspond to the zero-point level of the CH3CHO a3A co-fragment. The sticks
illustrate a simulation of vibrational excitation of CH3CHO a3A in the CCO bend (ν14,
blue), CH wag (ν13, purple), CO stretch (ν8, green) and combination (ν13+ν14, purple and
blue) modes at a rotational temperature of 1 K. The gray shaded region shows the
summed result of the simulation convoluted with the experimental kinetic energy
resolution (E/E ~ 10%).
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indicative of rapid ( 2 ps) dissociation. (Note that only the region within the dashed
circle is analyzed to avoid overlap with residual background from dissociation of O2 at
226 nm.) A significantly larger β parameter of approximately 1.3 is derived for O 3P
fragments in the central region of the kinetic energy distribution; the β value increases
slightly with kinetic energy. The notably different β parameters obtained for the O 1D
and O 3P products may reflect the dissimilar vibrational motions, particularly out-of-plane
vibrations, leading to CH3CHO X1A and a3A products in the two channels.
Alternatively, the change may arise from nonadiabatic couplings between the excited
singlet states along the O-O dissociation coordinate. The anisotropy parameter β and
angle χ between the TDM (  ) and recoiling ( v ) O 1D or O 3P fragments at each UV
excitation wavelength are compiled in Table 1.
The radial distribution is then integrated over the angular coordinate to obtain the
velocity distribution of the O 1D fragments at each UV excitation wavelength (305, 320,
and 350 nm). The total kinetic energy released (TKER) to the CH3CHO X1A + O 1D
products is obtained using conservation of linear momentum based on the velocity
distribution of the O 1D fragments. The resultant TKER distributions shown in Figure 2
are quite broad and unstructured; simple polynomial fits are superimposed on the data to
guide the eye. The TKER distribution derived following 305 nm excitation peaks at
~3800 cm-1; the peak shifts to somewhat lower energy for 320 and 350 nm excitation (see
Table 1). The TKER distribution observed following 305 nm exhibits an unusual
shoulder at the lowest kinetic energies, which is also evident at 320 nm; it is not seen at
350 nm. As will be discussed later, this shoulder is evident only for the lowest kinetic
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Table 1. Characteristics of the total kinetic energy release (TKER) and anisotropic
angular distributions derived from reconstructed images of O 1D and O 3P products
following photolysis of CH3CHOO at 305, 320, and 350 nm. The parameters include the
average TKER and most probable (Peak) kinetic energy, the full width at half
maximum (FWHM), and the maximum kinetic energy (ET,max) of the TKER distributions.
The anisotropy parameter and angle  (defined in main text) are derived from the
angular distributions.
O 1D

a

O 3P

305 nm

320 nm

350 nm

305 nm

TKER / cm-1

3,930

3,660

3,420

780

Peak / cm-1

3,800

3,600

3,500

390, 770a

FWHM / cm-1

4,000

3,800

3,100

1,300

ET,max / cm-1

8,700±300

8,500±400

6,850±350

1,870±130



0.84(4)b

0.85(5)b

0.84(4)b

1.27(7), 1.30(8)a



38.4(8)°

38(1)°

38.4(8)°

30(2)°, 29(2)°a

Two distinct peaks in the TKER distribution and angular properties derived at those

energies. The anisotropy parameter changes by 0.17 over the FWHM of the TKER
distribution.
b

The anisotropy parameter changes by 0.11 (305 nm), 0.25(320 nm), and 0.19 (350

nm) over the FWHM of the TKER distributions.
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energies, corresponding to high internal excitation of the CH3CHO X1A, when the O 3P
channel is also energetically open. (The dashed curve shown at low TKER for the 305
nm data will be discussed later.) Table 1 provides a summary of parameters derived from
analysis of the TKER distributions obtained at each UV wavelength. The parameters
including the average and most probable (peak) kinetic energy, the full width at half
maximum (FWHM), and the highest kinetic energy ET,max of the TKER distributions.
Far less energy is available upon dissociation of CH3CHOO to CH3CHO a3A +
O 3P products as evident in Figure 3 from the much narrower TKER distribution with
average kinetic energy of 780 cm-1 following excitation at 305 nm; other parameters
derived from the TKER distribution are given in Table 1. Two peaks are evident in this
TKER distribution at ca. 390 and 770 cm-1, which are attributed to rovibrational
excitation of the CH3CHO a3A fragments and discussed in more detail below. The
highest kinetic energy in the TKER distribution, ET,max, at 1870  130 cm-1 corresponds
to the lowest internal energy of the CH3CHO co-fragment, which is assumed to be the
zero-point level of the excited a3A electronic state. Decreasing kinetic energy in the
TKER distribution would then correspond to increasing internal excitation of the
CH3CHO a3A co-fragments. The termination of the TKER distribution is used to
establish the threshold for the higher energy CH3CHO a3A + O 3P product channel of ca.
88.4 kcal mol-1 (Ehv  ET,max); this corresponds to UV excitation of CH3CHOO X1A′ at
323.4 nm, which is in excellent accord with the threshold observed in the O 3P action
spectrum (Figure 1b). Subtracting the energy spacing (E = 32.5 kcal mol-1) between the
two product channels then yields an upper limit for the dissociation energy of CH3CHOO
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X1A′ to CH3CHO X1A + O 1D products of  55.9  0.4 kcal mol-1. The UV absorption
of CH3CHOO at 305 nm is attributed to the syn-conformer in previous studies under both
jet-cooled and thermal conditions,4, 9 and thus the dissociation energy is associated with
the more stable syn-CH3CHOO conformer.
IV. Discussion
A. Dissociation energy
The dissociation energy for syn-CH3CHOO X1A′ to CH3CHO X1A + O 1D
products is determined to be  55.9  0.4 kcal mol-1. This value is obtained from the
energetic threshold for the CH3CHO a3A + O 3P product channel, observed as both an
onset in the O 3P action spectrum and termination of the TKER distribution derived from
O 3P products, and the well-known singlet-triplet spacings in acetaldehyde and oxygen
atoms.18, 19 It does not account for possible rotational excitation of the CH3CHO a3A cofragments, considered below, which could potentially lower the dissociation energy by 12 kcal mol-1. The present result indicates that the unobserved spin-forbidden channel to
CH3CHO X1A + O 3P products, derived from the O 1D - O 3P spacing,18 will lie 10.5 kcal
mol-1 higher in energy than the ground X1A′ state of CH3CHOO.
The various asymptotic limits are illustrated on an energy level diagram in Figure
4 that includes the UV absorption spectrum of CH3CHOO under jet-cooled conditions.4
Figure 4 includes the TKER distributions, plotted relative to the photon energy (h TKER), for the CH3CHO X1A + O 1D and CH3CHO a3A + O 3P channels following
excitation of syn-CH3CHOO at 305 nm. The termination of the TKER distribution
derived from O 3P products establishes the CH3CHO a3A + O 3P asymptotic energy. The
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TKER distribution for O 1D products terminates approximately 4500 cm-1 above the
CH3CHO X1A + O 1D limit, indicating significant internal excitation of the CH3CHO
X1A fragments.
B. Vibrational excitation of acetaldehyde fragments
UV excitation of CH3CHOO results in prompt dissociation to two spin-allowed
channels, CH3CHO X1A + O 1D and CH3CHO a3A + O 3P, the latter open for   324
nm only. The excess energy is released as kinetic and internal (vibrational and/or
rotational) energy of the products. Because the dissociation is prompt, the excess energy
will be released into those CH3CHO X1A or a3A vibrational modes associated with
significant structural changes between the Criegee intermediate and the acetaldehyde
photofragment. The minimum energy structures for syn-CH3CHOO and CH3CHO in its
ground X1A and excited a3A states are computed using DFT//B3LYP/6-311+G(2d,p)
and illustrated in Figure 5. The C-O bond of syn-CH3CHOO has mixed character
between that of a single and double bond, whereas it is a shortened double bond in the
CH3CHO X1A products. In addition, the preferred methyl group orientation changes by
60 from syn-CH3CHOO to CH3CHO X1A. As a result, we anticipate vibrational
excitation of the C-O stretch (4) and low frequency methyl torsion (15) modes of the
CH3CHO X1A products. For CH3CHO a3A products, the C-O bond lengthens, CCO
angle decreases, and carbonyl hydrogen moves significantly out-of-plane compared to
syn-CH3CHOO. This suggests vibrational excitation of C-O stretch (8), C-H wag (13),
and CCO bend (14) modes of the CH3CHO a3A products.
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Figure 4. Schematic diagram for the photodissociation dynamics of CH3CHOO
following B-X electronic excitation; the left side shows the absorption spectrum obtained
previously under jet cooled conditions (Gaussian fit with uncertainty estimate). [Adapted
with permission from J. Chem. Phys. 2013, 138, 244307 (Figure 6). Copyright 2013
American Institute of Physics.] UV absorption at 305 nm is attributed principally to the
syn-conformer of CH3CHOO.4, 9 On the right side, the total kinetic energy release
(TKER) distributions obtained for the CH3CHO X1A + O 1D (red) and CH3CHO a3A +
O 3P (blue) spin-allowed channels are plotted relative to the photon energy as Eh TKER. The termination of the TKER distribution establishes the asymptotic limit for the
CH3CHO a3A + O 3P (blue) channel at  88.4 kcal mol-1. The asymptotic limit for the
CH3CHO X1A + O 1D (red) channel lies 32.5 kcal mol-1 lower in energy, corresponding
to an upper limit for the dissociation energy of syn-CH3CHOO to CH3CHO X1A + O 1D
products of  55.9  0.4 kcal mol-1. The unobserved spin-forbidden channel from
CH3CHOO X1A to CH3CHO X1A +O 3P (gray) products is then anticipated at 10.5 kcal
mol-1.
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Figure 5. Comparison of the calculated geometrical parameters of a) syn-CH3CHOO, b)
CH3CHO a3A″, and c) CH3CHO X1A′ at the DFT//B3LYP/6-311+G(2d,p) level of theory.
The parameters with the largest displacement from CH3CHO to the acetaldehyde moiety
within the syn-CH3CHOO Criegee intermediate are shown, including the C-O bond
distance, CCO angle, HCCH dihedral φ, and the methyl group orientation. The HCCH
dihedral φ corresponds to an out-of-plane carbonyl C-H angle with respect to the HCCO
plane.
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We utilize a harmonic normal mode analysis to predict the partitioning of
available energy in the photodissociation of CH3CHOO to atomic oxygen and
acetaldehyde products. We evaluate the vibrational excitations required to distort the
CH3CHO product from its minimum energy configuration to that of the acetaldehyde
subunit within the Criegee intermediate. The mathematical model has been described
elsewhere.7, 28 The harmonic force constants for acetaldehyde CH3CHO X1A and a3A
were computed using DFT//B3LYP/6-311+G(2d,p). We determine the displacement
required along each of the normal coordinates of CH3CHO X1A or a3A to reach the
geometry of the acetaldehyde moiety within the Criegee intermediate. We then evaluate
the approximate number of quanta (ni) that must be placed in each normal mode (νi) of
CH3CHO X1A or a3A in order for the Criegee intermediate structure to fall within the
classically allowed region of the harmonic potential. The values of ni are listed in Tables
2 and 3. The analysis predicts C-O stretch (n4=1) and significant methyl torsion (n15=6)
excitation in the CH3CHO X1A products. By comparison, the harmonic analysis
anticipates predominantly CCO bend (n14=4) and C-H wag (n13=2) excitation along with
C-O stretch (n8=1) and methyl torsion (n15=1) excitation of the CH3CHO a3A products.
Rovibrational simulations of the internal energy distribution of the CH3CHO a3A″
co-fragments were carried out for the predominant vibrational modes identified in the
harmonic normal mode analysis. The CCO bend (ν14), C-H wag (ν13), and CO stretch
(ν8) modes were used in the JB95 program for an asymmetric rigid rotor,29, 30 with the
corresponding calculated rotational constants and electric dipole moment directions at the
DFT//B3LYP/6-311+G(2d,p) level of theory. The rotational distribution was assumed to
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Table 2. Harmonic and anharmonic frequencies for the ground X1Aʹ state of CH3CHO
with quantum labels, along with a harmonic analysis of the degree (ni) of CH3CHO X1Aʹ
vibrational excitation upon UV photolysis of CH3CHOO.
CH3CHO X1Aʹ
Quantum label

Vibrational

Harmonic

Anharmonic

nib

ν1 (Aʹ)
(Cs symmetry)

Methyl
C-H in plane
Description

3134
Frequency

2986
[3005]
Frequency

0

ν2 (Aʹ)

Methyl
symmetric
stretch

3021
-1
(cm
)

2914
-1 [2917]a
(cm
) [expt]

0

ν3 (Aʹ)

Carbonyl
C-H stretch
stretch

2870

2678 [2822]

0

ν4 (Aʹ)

C-O stretch

1804

1778 [1743]

1

ν5 (Aʹ)

Methyl symmetric

1460

1423 [1441]

0

ν6 (Aʹ)

Carbonyl
C-H in plane
scissors

1421

1396 [1400]

0

ν7 (Aʹ)

Methylwag
umbrella

1380

1348 [1352]

0

ν8 (Aʹ)

C-C-H bend

1129

1104 [1113]

0

ν9 (Aʹ)

C-C stretch

885

852 [919]

0

ν10 (Aʹ)

C-O-O bend

510

510 [509]

0

ν11 (Aʹʹ)

Methyl out-of-plane

3072

2930 [2967]

0

ν12 (Aʹʹ)

Methyl
antisymmetric
antisymmetric
stretch

1470

1428 [1420]

0

ν13 (Aʹʹ)

O-C-C-H
distortion
scissors

1134

1112 [867]

0

ν14 (Aʹʹ)

Carbonyl C-H out-of-

777

764 [763]

0

ν15 (Aʹʹ)

Methyl
plane torsion
wag

158

146 [150]

6

a

Ref. 37.

b

ni is the number of quanta in each normal mode (νi) of CH3CHO X1Aʹ products required

to reach the CH3CHOO structure (see main text).
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Table 3. Harmonic and anharmonic frequencies for the excited a3A state of CH3CHO
with quantum labels, along with a harmonic analysis of the degree (ni) of CH3CHO a3A
vibrational excitation upon UV photolysis of CH3CHOO.
CH3CHO a3A

a

Quantum label

Vibrational description

Harmonic

Anharmonic

nia

ν1 (A)
(C1 symmetry)

Methyl C-H stretch

3121
Frequency

2975
Frequency

0

ν2 (A)

Methyl C-H stretch

3076
-1
(cm
)

-1
(cm2932
) [expt]

0

ν3 (A)

Methyl symmetric C-H

2987

2833

0

ν4 (A)

Carbonyl
C-H stretch
stretch

2953

2761

0

ν5 (A)

Methyl symmetric

1486

1442

0

ν6 (A)

Methylscissors
antisymmetric

1462

1422

0

ν7 (A)

Methyl
umbrella
scissors

1390

1361

0

ν8 (A)

C-O stretch

1258

1226

1

ν9 (A)

Carbonyl C-H wag

1168

1136

0

ν10 (A)

O-C-C-H distortion

1014

986

0

ν11 (A)

C-C-H bend

973

947 [905]b

0

ν12 (A)

C-C stretch

912

888

0

ν13 (A)

Carbonyl C-H wag

614

559 [502c, 518b]

2

ν14 (A)

C-C-O bend

367

365 [400c,364b]

4

ν15 (A)

Methyl torsion

194

167 [180c,179b]

1

ni is the number of quanta in each normal mode (νi) of CH3CHO a3A products required

to reach the CH3CHOO structure (see main text).
b

Ref. 38.

c

Ref. 39.
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be either 1 K or 800 K. A progression of rovibrational features with one or two quanta in
each of these modes was then convoluted with the experimental kinetic energy resolution
(E/E  10%) using a Lorentzian function. The lower trace in Figure 3 shows the
summed result (gray shaded region) from a simulation at 1 K. The rotational simulation
at 800 K is not noticeably distinguishable from that at 1 K because of the experimental
energy resolution and small rotational constants of CH3CHO a3A, and thus the rotational
energy of the acetaldehyde fragment is not well determined by the simulation. The
intensity profile depicted is based on a Gaussian distribution centered at
E int  E T,max  TKER with the breadth of the TKER distribution.

The majority of the high-energy portion of the TKER distribution (corresponding
to low internal energy for CH3CHO a3A″) is reproduced by a vibrational simulation with
up to two quanta in the ν13 and/or ν14 modes (including the ν13ν14 combination band) and
one quantum in the ν8 mode at the experimental resolution. The simulations are not
extended to higher internal energies because of the limited vibrational information
available for CH3CHO a3A″ from anharmonic frequency calculations and/or experiment
(see Table 3). Additional vibrational congestion may arise from other vibrational modes,
such as the lowest frequency CH3 torsion (ν15). Nevertheless, we observe two discernible
peaks at ca. 390 and 770 cm-1 in the TKER distribution, corresponding to ca. 1500 and
1100 cm-1 of internal energy in the CH3CHO a3A″ co-fragment. The 390 cm-1 TKER
feature would be consistent with 3ν13 and/or 4ν14 excitation, while 2ν13 and/or 3ν14
excitation could give rise to the 770 cm-1 TKER feature.
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We did not carry out rovibrational simulations for the CH3CHO X1A cofragments in the corresponding TKER distribution arising from the O 1D + CH3CHO
X1A channel. The much larger available energy will result in significantly greater
internal excitation of the acetaldehyde fragments than discussed above for O 3P +
CH3CHO a3A″ (Figure 3). Product vibrational structure is not resolved in the
experimental TKER distribution (Figure 2) due to kinetic energy resolution (E/E 
10%), vibrational congestion, and/or rotational excitation of the CH3CHO X1A
fragments.
C. Rotational excitation of acetaldehyde fragments
A simple impulsive model31 can be used to estimate the rotational energy
imparted to the CH3CHO X1A or a3A″ fragments following UV excitation of synCH3CHOO at 305 nm and prompt dissociation, yielding 7.2 and 1.6 kcal mol-1 (29% of
ET), respectively. The same model was utilized previously to estimate rotational
excitation of the H2CO X1A1 and a3A″ products following UV photodissociation of
CH2OO.6, 7 The substantial changes in geometry between CH3CHOO and CH3CHO X1A
or a3A″, however, suggest that the impulsive model should be taken as only approximate.
Since the energetic threshold for the CH3CHO a3A + O 3P product channel is utilized to
determine the dissociation energy for syn-CH3CHOO X1A′ to CH3CHO X1A + O 1D
products (Sec. A), possible rotational excitation of CH3CHO a3A″ may lower the reported
value by 1-2 kcal mol-1.
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D. O 3P / O 1D branching ratio
a. Low translational energies in the O 1D channel
UV excitation (305, 320, and 350 nm) of CH3CHOO generates O 1D fragments
with significant translational energy, as shown by the broad and unstructured TKER
distributions in Figure 2. Nevertheless, there is a clear shoulder at the lowest kinetic
energies in the TKER distribution observed following UV excitation at 305 nm, which is
also just evident at 320 nm, but not seen at 350 nm. A red dashed line from the
polynomial fit for the low TKER region obtained at 350 nm is superimposed on that from
305 nm to show the change in the distributions at low kinetic energies. The O 3P action
spectrum and VMI measurements demonstrate that the CH3CHO a3A + O 3P product
channel is open at 305 and 320 nm, but closed at 350 nm. This suggests that the shoulder
may arise from a change in the branching ratio favoring O 1D products for very low
relative velocities of the recoiling products when both channels O 3P and O 1D channels
are open.
Ab initio potentials for syn-CH3CHOO computed along the O-O coordinate at the
EOM-CCSD/6-311++G(d,p) level show that the diabatic potential for the excited B1A′
state of syn-CH3CHOO is crossed near the Franck-Condon region by a diabatic repulsive
1

A′ potential leading to CH3CHO X1A + O 1D products.4 The diabatic B1A′ state

potential leads asymptotically to CH3CHO a3A + O 3P products. More extensive
calculations of the singlet adiabatic and diabatic potential energy surfaces have been
carried out for CH2OO,3, 4, 17, 32 which we use in this work as a model for syn-CH3CHOO.
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A one-dimensional semi-classical model, Landau-Zener theory, is often used to
provide an estimate of the nonadiabatic transition probability as a function of relative
velocity.33-35 In this model, P is the probability of a nonadiabatic transition, meaning
diabatic behavior,

2V122
P  exp  
 v F
rel






where V12 is the coupling element in the diabatic basis, vrel is the relative velocity of
photofragments along the dissociation coordinate, and F is the difference in the
gradients between two diabatic potentials. Then, (1 – P) is the probability of adiabatic
passage, meaning a switch from one diabatic state to another. At very low vrel, this model
predicts an increased likelihood of adiabatic passage (1 – P) from the CH3CHOO B1A′
state in the Franck-Condon region to CH3CHO X1A + O 1D products.
Since the coupling and gradients are not available for syn-CH3CHOO, we utilize
parameters for the analogous CH2OO system to estimate, at least qualitatively, the
probability of adiabatic passage (1 – P) at various relative velocities. All parameters for
CH2OO are taken from Samanta et al.,32 in which they report F = 0.088 a.u. and V12 =
0.001 a.u. at the first and more significant of two repulsive crossings with the B1A′ state
along the O-O dissociation coordinate. Using these parameters, the probability of
switching diabatic potentials (1 – P) and yielding O 1D products is predicted to be most
significant at very low vrel (less than 1000 m/s) and continues to fall off uniformly with
increasing vrel. By 2000 m/s (ca. 2000 cm-1 in TKER), (1 – P) drops to less than 10%.
The increased probability of switching diabatic potentials and producing O 1D products at
very low vrel may be the origin of the shoulder in the TKER distributions, most prominent
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at vrel  1000 m/s, obtained at 305 and 320 nm. While one anticipates a corresponding
decrease in O 3P products at very low vrel, we lack a point of comparison in which O 3P +
CH3CHO a3A″ is the only open channel. In general, the Landau-Zener model is limited
in considering only one-dimensional potentials with the assumptions of linear diabatic
potentials and a constant diabatic coupling at the crossing region; multidimensional
dynamical effects may also play a role.
b. Simulation of O 1D action spectrum
A very clear energetic threshold for the CH3CHOO to CH3CHO a3A + O 3P
channel is seen in the O 3P action spectrum at 324 nm (Figure 1b), which is confirmed by
the termination of the TKER distribution obtained for O 3P products following excitation
at 305 nm (Figure 3). The O 3P yield is expected to increase at higher energies above this
threshold and potentially become the dominant product channel by analogy with
CH2OO.32 On the other hand, the O 1D action spectrum tracks closely with the previously
reported absorption spectrum for CH3CHOO under jet-cooled conditions (Figure 1a). We
seek to estimate the O 3P yield, increasing from zero at 324 nm to a specific yield at 302
nm where the absorption spectrum falls to half maximum, which does not distort the
short wavelength region of the O1D action spectrum. We model the shape of the O 3P
action spectrum by multiplying the absorption spectrum by an empirical quadratic
function in the 324 to 302 nm region. Simulations of the short wavelength region of the
O 1D action spectrum are shown in Figure 6 with estimated O 3P yields increasing from
zero at 324 nm to 10, 30, and 50% (and corresponding O 1D yields of 90, 70, and 50%) at
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Figure 6. Simulated O 1D action spectra for estimated 10% (red), 30% (orange), and
50% (green) yield of O 3P at 302 nm (dashed gray line) based on threshold for O 3P
channel at 324 nm and previously reported absorption spectrum for CH3CHOO under jetcooled conditions (Gaussian fit; blue). The shaded regions indicate uncertainty estimates.
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302 nm. Taking into account the experimental uncertainties in the intensity profiles of
the O 3P action and absorption spectra, the simulations indicate that the O 3P yield is less
than 30% or, equivalently, that the O 1D yield is greater than 70% at 302 nm. Although
the O 3P signal continues to increase below 302 nm, the absorption spectrum falls off
rapidly, making estimates of the O 3P yield at shorter wavelengths less reliable. To date,
there are no theoretical estimates of the branching between O 3P and O 1D product
channels upon UV excitation of CH3CHOO.
In terms of possible atmospheric implications, it seems clear that solar photolysis
of CH3CHOO will yield primarily O 1D products. The O 1D products will subsequently
react with atmospheric water and provide a secondary source of tropospheric OH
radicals.
E. Comparisons with CH2OO
The energy required for O-O bond dissociation from the ground X1A′ state of synCH3CHOO to the lowest, albeit spin-forbidden, asymptotic limit, O 3P + CH3CHO X1A,
is greater than that for CH2OO X1A′ to O 3P + H2CO X1A1 by ca. 6.9 kcal mol-1. This
increase arises from the intramolecular interaction between the methyl group and
terminal O that stabilizes the syn-conformer of CH3CHOO, and possibly the weak
electron donating character of CH3 group. Theoretical calculations predict that the synconformer of CH3CHOO will be more stable than the anti-conformer by 3.6 kcal mol-1
due to the attractive intramolecular interaction in the syn configuration.5, 13 The anticonformer of CH3CHOO is expected to be more similar to CH2OO because it lacks the
stabilizing intramolecular interaction. Recent calculations by M.C. Lin and coworkers
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using hybrid density functional theory (B3LYP) and MP2 methods with the aug-cc-pVTZ
basis set at 0 K indicate that the energy required to dissociate syn-CH3CHOO to
CH3CHO X1A + O 1D is 57.2 kcal mol-1,36 compared to the experimental upper limit of
55.9  0.4 kcal mol-1 established in this work. For comparison, they predict that the
energy required to dissociate CH2OO to H2CO X1A1 + O 1D is 54.2 kcal mol-1, which is
again greater than the recently reported experimental upper limit of 49.0  0.3 kcal mol-1
and other theoretical values.6, 7, 14-17 The threshold for formation of O 3P products occurs
at 323.4 nm (88.4 kcal mol-1) for syn-CH3CHOO, whereas it occurs at 378 nm (ca. 76
kcal mol-1) for CH2OO.7 This change arises from two effects: the increased energy for OO bond dissociation of syn-CH3CHOO relative to that for CH2OO (ca. 6.9 kcal mol-1) and
the larger spacing between the singlet and triplet states of acetaldehyde compared to that
in formaldehyde (ca. 5.8 kcal mol-1).
V. Conclusions
Two product channels, CH3CHO X1A + O 1D and CH3CHO a3A + O 3P, are
characterized following UV excitation on the B1A - X1Aʹ transition of the methylsubstituted Criegee intermediate CH3CHOO under jet-cooled conditions. The O 1D or O
3

P products are photoionized by 2+1 REMPI in conjunction with detection utilizing

velocity map imaging. The diabatic B1A state leads asymptotically to the higher energy
CH3CHO a3A + O 3P channel. The O 3P channel opens near the peak of the UV
absorption spectrum (324 nm) and extends to higher energy with increasing yield.
Excitation at 305 nm, attributed to absorption of the more stable syn-conformer, yields an
anisotropic angular distribution indicative of fast (ps) dissociation and a TKER
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distribution with peaks evident at 390 and 770 cm-1. A harmonic analysis suggests the
normal modes of CH3CHO a3A that are likely to be excited upon dissociation, namely
methyl torsion (15), CCO bend (14), CH wag (13), and CO stretch (8). Vibrational
excitation of these modes appears to account for most of the high-energy portion of the
TKER distribution at the experimental resolution. The partial structure in the TKER
distribution may arise from multiple quanta in the 13 and/or 14 modes. The termination
of the TKER distribution at 1870  130 cm-1 is utilized to establish the energetic
threshold for the CH3CHO a3A + O3P channel at ca. 88.4 kcal mol-1, corresponding to
323.4 nm, which agrees well with the onset of the O3P action spectrum.
This energetic threshold is combined with the singlet-triplet spacings of O-atoms
and CH3CHO to determine the energy required for dissociation of syn-CH3CHOO to
CH3CHO X1A + O 1D products of 55.9  0.4 kcal mol-1 via the lowest spin-allow
channel. The O 1D action spectrum mirrors the previously reported UV absorption
spectrum of jet-cooled CH3CHOO, indicating efficient coupling to the diabatic repulsive
1

A potentials that lead to O 1D products. The O 1D images obtained at 305, 320, and 350

nm show anistropic angular distributions characteristic of rapid (ps) dissociation. When
O 1D products are detected, the TKER distribution obtained at 305 nm (and to a lesser
extent at 320 nm), where both product channels are open, exhibits a shoulder at the
lowest kinetic energies, but is otherwise broad and unstructured as found upon UV
excitation of CH3CHOO at 350 nm. A Landau-Zener analysis suggests that the shoulder
in the TKER distribution may arise from a change in branching ratio favoring O 1D at
very low relative velocities. A harmonic analysis indicates that significant excitation of
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the methyl torsion (13) and C-O stretch (4) modes of CH3CHO X1A products is likely
upon dissociation, and along with possible rotational excitation may account for the
broad, unstructured TKER distributions observed. The broad TKER distributions do not
extend to the energetic limit for CH3CHO X1A + O 1D products, again indicating a high
degree of internal excitation in the CH3CHO X1A products.
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CHAPTER 6

Unimolecular dissociation dynamics of vibrationally activated
CH3CHOO Criegee intermediates to OH radical products

This research has been published in Nature Chemistry 8, 509 (2016). The experiment
was performed with post-doctorate Nathanael M. Kidwell, and Marsha I. Lester in the
Department of Chemistry, University of Pennsylvania. Theoretical calculations were
carried out by graduate student Xiaohong Wang and Joel M. Bowman in the Department
of Chemistry, Emory University.
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I. Introduction
Alkene ozonolysis is the principal non-photolytic source of atmospheric OH
radicals, which initiate the oxidative breakdown of most trace species in the troposphere.1
This is the dominant source of OH radicals in the nighttime and accounts for about 1/3 of
the OH radicals in the daytime.1-4 Ozonolysis of alkenes occurs through cycloaddition of
ozone across the C=C bond to produce a primary ozonide, which fragments to form an
energized carbonyl oxide (e.g. CH3CHOO), known as the Criegee intermediate, and an
accompanying carbonyl product.5 The energized Criegee intermediates undergo
unimolecular decay to OH radical products, collisional stabilization, and/or bimolecular
reactions with water, NO2, SO2, organic acids, or other atmospheric species.6-10
Ozonolysis of internal alkenes, such as trans-2-butene producing the CH3CHOO Criegee
intermediate, contribute significantly to the atmospheric OH budget as a result of their
high OH yield.11-13
The present study examines the unimolecular dissociation pathway of a
prototypical alkyl-substituted Criegee intermediate, specifically the most stable synconformer of CH3CHOO, leading to OH radical products.14-16 This is achieved using a
combination of experimental and theoretical methods to characterize the kinetic energy
release and internal energy distributions of the OH and vinoxy (CH2CHO) products. The
experiments are conducted using a novel, state-selective ionization scheme for OH
radicals17, 18 coupled with its initial application in velocity map imaging (VMI) to
ascertain the angular and velocity distributions of the OH products. The theoretical
approach is based on running ensembles of quasi-classical trajectories (QCT) from
different initial configurations, all using a new, full dimensional ab initio potential energy
139
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Figure 1. Reaction schematic showing key features along the pathway from a
prototypical Criegee intermediate syn-CH3CHOO to hydroxyl radical (OH) products,
which is an important step in the non-photolytic generation of atmospheric OH radicals.
This study focuses on the dissociation dynamics to OH products, specifically the role of
vinyl hydroperoxide (CH2=CHOOH, VHP) and subsequent features in the exit channel to
products. The transition state (TS) is associated with 1,4-H atom transfer and
isomerization from the syn-CH3CHOO Criegee intermediate to vinyl hydroperoxide,
which is followed by passage through an exit channel region with submerged saddle
point (SP) or positive barrier and associated product complex prior to dissociation. The
molecular structures use color coding for atoms: carbon (black), oxygen (red), and
hydrogen (white). The energies (kcal mol-1) obtained at optimized geometries on the 18
dimensional potential energy surface (PES) are in very good agreement with values in
parenthesis taken directly from ab initio calculations (CCSD(T)-F12b or CASPT2). The
harmonic zero-point energies of stationary points are given in Table A2 of Appendix III.
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surface (PES). Combining these challenging experimental and theoretical studies
provides a detailed investigation of the dissociation dynamics of syn-CH3CHOO, the key
step for non-photolytic generation of OH radicals in the atmosphere.
An overview of stationary points and pathways describing the dissociation of synCH3CHOO to OH + CH2CHO products is shown in Figure 1. There is a transition state
(TS) separating syn-CH3CHOO from vinyl hydroperoxide (CH2=CHOOH, VHP).15 This
TS has a 5-membered ring-like structure associated with intramolecular 1,4-H atom
transfer and isomerization to VHP. VHP then undergoes O-O bond cleavage to form OH
+ vinoxy products, although not via a simple, barrierless O-O bond breaking process, i.e.,
a monotonic increase in potential starting from VHP to the products along a path where
the O-O bond length increases. There is a submerged, first-order saddle point
(submerged SP), as reported previously,19 and an associated shallow, constrained (O-O
bond length fixed) minimum in the exit channel (more details in Appendix III). A second
pathway is also indicated; this is a ‘least-motion path’ starting from VHP to a positiveenergy barrier (second-order saddle point) and a stable product complex in the exit
channel. QCT calculations of the dissociation dynamics are initiated from each of these
configurations, specifically TS, VHP, and also from the submerged SP and positive
barrier in the exit channel. The latter calculations are done to determine the relevance of
these possible exit channel pathways in the dynamics run from the TS and VHP
configurations and, of course, also to relate to experiment.
Clearly, the actual, multi-dimensional dynamical pathway(s) to OH + vinoxy
products following excitation of syn-CH3CHOO to the transition state region is not
obvious a priori based on the schematic reaction pathways shown in Figure 1. On one
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hand, the products could be formed directly via simple unimolecular dissociation after
surmounting the TS barrier. In this case, one would anticipate that most of the available
energy would be released as translational energy of the recoiling fragments.20 On the
other hand, the deep VHP well separating the TS from products could cause energy
randomization and possibly result in a long-lived VHP intermediate prior to decay to
products.21, 22 An intriguing additional factor to consider is the presence of exit channel
barriers and associated product minima. The present study focuses on the outcomes,
specifically the release of excess energy to internal and translational degrees of freedom,
following unimolecular decay of syn-CH3CHOO from an experimental and theoretical
perspective as a means of elucidating the dynamical pathway(s) to OH products.
II. Results
Infrared excitation of syn-CH3CHOO in the CH overtone region is utilized to
initiate unimolecular dissociation to OH + vinoxy radical products.15 The present
experimental study focuses on IR excitation at 6081 cm-1, which provides just enough
energy to surmount or tunnel through the barrier for 1,4-H atom transfer, isomerization to
VHP, and the resultant dissociation to OH products that are detected. The 6081 cm-1
feature was previously assigned as a zeroth-order bright state of syn-CH3CHOO with inplane carbonyl oxide CH stretch (ν1) character. This feature involves CH stretch of the H
atom in the anti-position relative to the carbonyl oxide group, and disappears when this H
atom is substituted by a methyl group in (CH3)2COO.23 A rotational band contour
analysis of the 6081 cm-1 feature revealed an initial cold rotational temperature of 10 K
and spectral line broadening arising from rapid (~3 ps) intramolecular vibrational
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redistribution (IVR) within CH3CHOO. The unimolecular dynamics is also examined
following IR excitation of another feature at 5709 cm-1.
The QCT method (see more details in Appendix III) is employed to study the
unimolecular decay dynamics of syn-CH3CHOO from a complementary theoretical
perspective. The initial energy for the QCT simulation is chosen to be 6000 cm-1 above
the zero-point energy (ZPE) of syn-CH3CHOO to model the experimental study. As
shown in Figure 1, the TS for isomerization from syn-CH3CHOO to VHP is 18.6 kcal
mol-1 and harmonic ZPE correction lowers the barrier to 16.2 kcal mol-1 (5660 cm-1).
This agrees well with an effective barrier of  16.0 kcal mol-1 (5600 cm-1) established
experimentally based on the lowest-energy feature observed that leads to OH products.15
As a result, the energy available to the fragments is about 5500 cm-1 in both the
theoretical and experimental studies (See Tables A1 and A2 in Appendix III). In order to
reduce the computational expense arising from the long time required to surmount the
isomerization barrier, QCT calculations are not initiated from energized syn-CH3CHOO.
Instead, trajectories are initiated from the TS configuration, the VHP minimum energy
structure, and the two exit channel geometries indicated in Figure 1. The total angular
momentum is zero for all trajectories.
The calculations are performed on a newly constructed PES. The bound region of
syn-CH3CHOO is well described using a single-reference method,24 and the same method
is utilized for the isomerization TS and VHP regions. The energies are calculated using
the CCSD(T)-F12b method with the aug-cc-pVDZ basis for the C and O atoms and the
cc-pVDZ basis for H atoms (HaDZ).25, 26 As noted previously,19 a multi-reference
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Figure 2. Lifetime for hydroxyl radical (OH) production from velocity map imaging and
trajectory calculations for the syn-CH3CHOO Criegee intermediate. a, The isotropic
angular distribution in the raw velocity map image of OH products indicates that
unimolecular dissociation of vibrationally activated syn-CH3CHOO is slower than its
rotational period ( 2 ps). The velocity map image of the OH products is obtained
following CH overtone excitation of the syn-CH3CHOO feature at 6081 cm-1 using
vertical polarization (arrow) for the IR laser in the plane of the detector. b, Distribution
of dissociation lifetimes from trajectories started at the transition state (TS) from synCH3CHOO to vinyl hydroperoxide (VHP) with normal mode sampling and ‘hard ZPE’
constraint. The most probable lifetime is set to unity.

146

method is needed for the dissociation from VHP to OH and vinoxy radicals, and the
CASPT2(12,10)/cc-pVDZ approach was utilized as a compromise between efficiency
and accuracy. As a result, the exit channel region is almost certainly less accurate than
other regions of the PES. In total, 157,278 points are calculated with energies up to 70
kcal mol-1 relative to syn-CH3CHOO. The PES is 18 dimensional and is invariant with
respect to permutation of like atoms; a previously established invariant polynomial fitting
method is employed.27 (Additional details about the PES construction can be found in
Appendix III.)
Following IR activation of syn-CH3CHOO at 6081 cm-1, the OH products arising
from unimolecular dissociation are state-selectively detected with the UV probe laser
tuned to the A2Σ+ - X2Π (1,0) transition and combined with fixed frequency VUV
excitation at 118 nm to ionize via a 1+1 REMPI scheme (experimental methods are
detailed in Appendix III with schematic in Figure A1);17, 18 a few experiments utilized
standard UV probe laser-induced fluorescence (LIF) on the same OH A-X transition for
detection.15 The OH products appear within the temporal resolution of the lasers ( 5
ns).15, 28 A two-dimensional ion image of the OH product velocity distribution is
obtained, using a VMI apparatus described previously,29-31 as shown in Figure 2. The
angular distribution is isotropic, demonstrating that dissociation occurs more slowly than
the rotational period of syn-CH3CHOO of ≥ 2 ps, based on experimental rotational
constants.32 Analogous isotropic angular distributions, indicative of ≥ 2 ps dissociation
timescales, are observed upon IR excitation of syn-CH3CHOO at other initial energies
accessed in the CH overtone region (e.g. Figure A2 in Appendix III).
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Figure 3. Total kinetic energy release (TKER) to products from experimental and
theoretical studies provides insight on the dissociation dynamics of a prototypical Criegee
intermediate syn-CH3CHOO. a, TKER distribution of the OH and vinoxy products
deduced from velocity map imaging of the OH products following CH overtone
excitation of the syn-CH3CHOO feature at 6081 cm-1. b,Corresponding relative
translational energy distribution of the products obtained from quasi-classical trajectory
(QCT) calculations starting from the transition state (TS) separating syn-CH3CHOO from
vinyl hydroperoxide (VHP) using normal mode sampling and ‘hard ZPE’ constraint (red).
QCT calculations starting from a submerged exit channel saddle point (blue) using microcanonical sampling agrees well with experiment, pointing to the role of the exit channel
region in the dissociation dynamics. The peak intensity and most probable translational
energies are set to unity. On average, kinetic energy accounts for less than half of the
energy released to OH + vinoxy products (ca. 5500 cm-1) in both experiment and theory.
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The experimental velocity distribution for the most populated rovibrational OH
product state, OH (v=0, N=3), is obtained following image reconstruction and integration
over the angular coordinate. The total kinetic energy release (TKER) to the OH (v=0,
N=3) + vinoxy products is then deduced using conservation of linear momentum. The
TKER distribution resulting from IR excitation at 6081 cm-1, shown in Figure 3, is a
broad and unstructured distribution with a most probable (peak) TKER of 600 cm1 and
breadth of 1340 cm-1 (FWHM). On average, the translational energy release is 1110 cm-1
or 20% of the available energy. The TKER distribution obtained for the 5709 cm-1
feature (Figure A2 in Appendix III) is slightly narrower with an average translational
energy of 1070 cm-1 due to the ca. 375 cm-1 less energy available to products, but
accounts for 21% of the available energy.
The relative translational energy of the OH and vinoxy products is also obtained
theoretically from approximately 4000 trajectories that dissociate to OH and vinoxy
fragments with at least their respective zero-point energies (ZPE). (A large majority of
the trajectories excluded arise from OH products with less than ZPE.) Ensembles of
trajectories are initiated from several configurations using two methods to sample the
initial coordinates and momenta relative to the reference configuration. The translational
energy distribution obtained starting from the isomerization TS configuration using
normal mode sampling is shown in Figure 3. Normal mode sampling is appropriate for
trajectories with small excess energy, as described elsewhere.33, 34 Essentially the same
results are obtained using micro-canonical sampling for trajectories starting at the VHP
configuration as shown in Figure A6 in Appendix III. Micro-canonical sampling is
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appropriate for VHP, which is vibrationally excited (and thus with many vibrational
states accessible) at the total energy of these calculations. Further details of the sampling
methods are provided in the SI. For comparison and to gain mechanistic insight,
trajectories were also run from the submerged SP configuration (Figure 3), again with
micro-canonical sampling. The peak in the translational energy distribution from the
isomerization TS is roughly 700 cm-1 higher than that from the submerged SP (ca. 870
cm-1), the latter of which is in good agreement with experiment. On average, the
translational energy release is about 30% of the available energy, specifically 1830 cm-1
from the isomerization TS and 1660 cm-1 from the submerged SP trajectories. In both
cases, most of the available energy appears in internal excitation of the products, as
elaborated below. This finding is in very good agreement with the experimental results,
although the submerged SP trajectories are in better quantitative agreement. After
surmounting the TS for H atom transfer, the QCT results demonstrate that unimolecular
dissociation of syn-CH3CHOO proceeds through the VHP intermediate to OH + vinoxy
products, and likely samples configurations that are close to the submerged SP.
The likely role of the submerged SP in the dissociation dynamics is reinforced by
running additional trajectories from the positive exit channel barrier configuration. The
resultant translational energy distribution, shown in Figure A6 of Appendix III, peaks at
2600 cm-1 and is much ‘hotter’ than the calculated and experimental results shown in
Figure 3. This higher translational energy release is anticipated, given that the exit
channel barrier lies about 1100 cm-1 above the product asymptote.
Furthermore, trajectories starting at the TS and propagated with a 0.1 fs time step
to OH + vinoxy products are found to have a distribution of lifetimes ranging over a few
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Figure 4. Hydroxyl radical (OH) rotational product state distributions from experimental
and theoretical studies of the dissociation dynamics of the syn-CH3CHOO Criegee
intermediate. a, Rotational energy and corresponding state distribution of OH X2Π (v=0,
N) products following IR overtone excitation of syn-CH3CHOO at 5987.5 cm-1.
[Adapted with permission from Figure S1 of Ref. 15, AAAS] The Π(A') and Π(A'') Λdoublet states are indicated by filled and open circles with 1 error bars derived from
three repeated measurements. OH products are not detected in v=1. A similar
distribution is obtained for a subset of OH (v=0, N) Π(A'') product states (triangles) upon
IR excitation at 6083.5 cm-1. b, OH population distribution resulting from QCT
calculations starting from the transition state (TS) between syn-CH3CHOO and vinyl
hydroperoxide (VHP) with normal mode sampling and ‘hard ZPE’ constraint (red). QCT
calculations starting from a submerged exit channel saddle point (blue) using microcanonical sampling is shown for comparison. The peak population and most probable
OH product state are set to unity. On average, OH rotation accounts for very little of the
energy released to OH + vinoxy products.
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ps timescale as shown in Figure 2. In particular, more than 80% of the trajectories
dissociate within 6 ps. As will be discussed later, the picosecond timescale is associated
with IVR within the highly energized VHP species prior to O-O bond scission and
dissociation to OH + vinoxy products.
Following IR activation of syn-CH3CHOO, the rovibrational energy distribution
of the OH products was measured directly. A comprehensive OH X23/2 (v=0, N)
rovibrational product state distribution was obtained previously upon IR overtone
excitation of the 5984 cm-1 feature,15 and is reproduced in Figure 4. There was no fine
structure preference as indicated by equivalent population of Π(A') and Π(A") Λ-doublet
states. No OH products could be detected in v=1. A similar distribution was obtained for
a subset of OH (v=0) product rotational states upon excitation of the 6081 cm-1 feature,
the focus of the present study, which is also shown in Figure 4. In each case, the OH
rotational distribution peaks at N=3, and this quantum state was probed in the VMI
experiments. The average OH rotational energy was determined to be 560 cm-1 and
accounts for about 10% of the available energy.
The rovibrational energy distribution of the OH fragments is also calculated from
trajectories starting from the TS with normal-mode sampling as shown in Figure 4 (with
analogous results starting from VHP with micro-canonical sampling in Figure A7 of
Appendix). The OH products are formed primarily in their ground vibrational state
(v=0). Less than 1% are produced with vibrational energy greater than or equal to the
v=1 fundamental, which agrees well with experiment. The computed OH product
rotational distribution is peaked at N=3 and ‘cold’, and in excellent accord with the
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Figure 5. Calculated internal energy distributions of the vinoxy (CH2CHO) products
from the dissociation dynamics of the syn-CH3CHOO Criegee intermediate. a, b,
Rotational (a) and vibrational (b) distributions derived from QCT simulations starting
from the TS with normal-mode sampling. On average, internal excitation of vinoxy
accounts for most of the energy released to OH + vinoxy products (ca. 5500 cm-1). The
most probable rotational and vibrational energies are set to unity.
155

experimental results. A similar OH rotational distribution is obtained for the submerged
SP (Figure 4) and also from the positive barrier (Figure A7 in Appendix III)
configuration.
The rotational and vibrational distributions of the vinoxy radical products are also
determined from trajectories starting at the TS with normal-mode sampling as shown in
Figure 5 (and VHP with micro-canonical sampling in Figure A8 of Appendix III). In
both cases, the vinoxy radicals are produced with significant rotational and vibrational
excitation with average energies of 800 and 1700 cm-1, respectively. A detailed analysis
of the vibrational distribution has not been undertaken because of the high dimensionality
and also coupling between vibrational modes, but will be examined in the future.
Nevertheless, the QCT calculations show that approximately half (45% for Isomerization
TS and 51% for Submerged SP ensembles, respectively) of the available energy is
accommodated as internal excitation of the vinoxy radical products.
A similar conclusion regarding extensive internal excitation of the vinoxy
products is reached from the experimental TKER distribution obtained for a specific OH
(v=0, N=3) product state (202 cm-1) following IR excitation of syn-CH3CHOO at 6081
cm-1. Far more energy is released to the OH + vinoxy products than observed as
translational energy over the span of the TKER distribution (Figure 3), indicating that
most of the energy is accommodated as internal excitation of CH2CHO. On average, the
highly internally excited CH2CHO products take up ca. 76% of the energy released to
products. Excitation of the 5709 cm-1 feature leaves less energy for translational and
internal excitation of CH2CHO. On average, however, a similar proportion is released as
translational energy with most (75%) accommodated as internal excitation of CH2CHO.
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The partitioning of energy released to products is summarized in Table A1 of Appendix
III.
III. Discussion
Significant insight on the dissociation dynamics is gained by looking at
representative trajectories, even though individual trajectories show a large variation in
the relative translational and rovibrational energies of the OH and vinoxy products.
Snapshots of one typical trajectory are illustrated in Figure 6. From inspection of the
sample trajectory starting at the TS, one can see that the bridging H atom is quickly
transferred to the terminal O atom at 14 fs, resulting in isomerization and producing
highly energized VHP. The large internal excitation of VHP is randomly distributed in
different vibrational modes, and VHP also undergoes internal rotation to some extent as
indicated at 1.4 ps. The time scales are different in each trajectory, but most notably the
system spends significant time (ps) undergoing IVR within the VHP intermediate well
region of the PES. Once the energy along the reaction coordinate is sufficient to
surmount an exit channel barrier or saddle point, in this trajectory at 2 ps, VHP rapidly
decomposes to OH and vinoxy products. The presence of a shallow minimum in the exit
channel, shown in Figure 1, causes the H atom of OH to preferentially point toward the O
atom of vinoxy prior to dissociation in many trajectories as seen at 2.1 ps. The picture
emerging from the trajectory calculations agrees well with the experimental observation
of an isotropic spatial distribution for the OH products and a  2 ps timescale for
dissociation (Figure 2).
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Figure 6. Snapshots of a representative trajectory starting from the syn-CH3CHOO
transition state (TS) to OH + vinoxy (CH2CHO) products. The bridging H atom is
quickly transferred to the terminal O atom (14 fs) to produce energized vinyl
hydroperoxide (CH2=CHOOH, VHP). The energized VHP then undergoes extensive
intramolecular vibrational redistribution (IVR) on a picosecond timescale (1.4 ps). A
shallow minimum in the exit channel causes the H atom of OH to preferentially point
toward the O atom of vinoxy (2.1 ps) prior to dissociation (2.4 ps). The molecular
structures use color coding for atoms: carbon (black), oxygen (red), and hydrogen
(white).
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Overall, the agreement between experiment and theory is quite good,
demonstrating that dissociation of syn-CH3CHOO occurs on a  2 ps timescale with most
of the available energy resulting in internal excitation of the vinoxy products, and much
less in translational excitation and minimal OH rotational excitation. The best agreement
with the measured energy distributions comes from trajectories starting at the submerged
saddle point. The exit channel region of the PES is challenging to compute because of its
intrinsic multi-reference electronic character, but comparison with trajectories started at
the positive exit channel barrier suggest it is unlikely that the observed dynamics result
from passing over a barrier of any substantial size after the VHP well.
Ozonolysis of alkenes, such as trans-2-butene, release ca. 50 kcal mol-1 of excess
energy to form internally excited syn-CH3CHOO Criegee intermediates (along with
carbonyl products),5 which may undergo prompt unimolecular decay to OH products. A
portion of the Criegee intermediates will be collisionally stabilized under atmospheric
conditions, and the resultant thermalized distribution of syn-CH3CHOO will slowly
isomerize to VHP and dissociate to OH products.28, 35, 36 Unimolecular dissociation to
OH products is a main loss process for thermalized syn-CH3CHOO and, more generally,
stabilized Criegee intermediates that decompose via the VHP channel;37 overall, this is an
important source of OH radicals in the atmosphere. The dynamical pathway(s) explored
in this work upon activation of syn-CH3CHOO near the isomerization TS correspond to
critical regions of the multi-dimensional PES that are sampled in alkene ozonolysis
reactions.
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CHAPTER 7

Velocity Map Imaging of OH Radical Products from IR Activated
(CH3)2COO Criegee Intermediates
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I. Introduction
Alkene ozonolysis is an important source of OH radicals in the atmosphere.1, 2 It
proceeds by cycloaddition of ozone across the C=C bond producing an internally excited
primary ozonide (~50 kcal mol-1), which rapidly decomposes to form a carbonyl and
carbonyl oxide species, the latter known as a Criegee intermediate.2, 3 The newly formed
Criegee intermediates are also highly energized and often result in prompt unimolecular
decay to OH radical products.4 Under atmospheric conditions, a portion of the excited
Criegee intermediates will be collisionally stabilized, resulting in a thermalized
distribution of Criegee intermediates that can undergo a slower decay to OH products.4-8
Alternatively, the stabilized Criegee intermediates can react with other atmospheric
species, such as SO2, NO2, carboxylic acids, and water.9, 10
Atmospheric field studies indicate that ozonolysis of large internal alkenes is an
important source of OH radicals, even though these alkenes contribute only a small
portion to the total alkene emissions.11 The OH product yields are large, approaching
unity, for alkyl-substituted alkenes and are much greater than that from ethene.1, 2, 12, 13
For example, ozonolysis of 2,3-dimethyl-2-butene, which proceeds through the dimethylsubstituted Criegee intermediate (CH3)2COO (acetone oxide), has a reported OH yield of
90%.12 More generally, the dimethyl-substituted Criegee intermediate will be generated
in ozonolysis of internal alkenes that contain a terminal (CH3)2C=C group. (CH3)2COO
is one of six prototypical Criegee intermediates identified as the dominant carbonyl oxide
species in the atmosphere.14 For (CH3)2COO, unimolecular decay and bimolecular
reactions with SO2 and NO2 are predicted to be of atmospheric significance,15-18 since
(CH3)2COO reacts slowly with water and water dimer.19
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The energies and optimized structures of stationary points along the computed
reaction path from (CH3)2COO to OH radical products are shown in Figure 1. The
unimolecular decay mechanism of the (CH3)2COO Criegee intermediate to OH radical
products involves an intramolecular 1,4-H atom transfer of an -H atom on the methyl
group that is syn to the terminal O-atom.2, 20 The transition state (TS) has a fivemembered, ring-like structure that leads to the 1-methylethenylhydroperoxide (MHP)
isomer (or 2-hydroperoxypropene), a methyl-substituted vinyl hydroperoxide species,
which promptly dissociates along the O-O bond to generate OH + 1-methylvinoxy
(H2CC(CH3)O) radical products.
IR excitation in the CH stretch overtone region has been shown to initiate
unimolecular decay of alkyl-substituted Criegee intermediates to OH products.15, 21-23
Previously, IR action spectra of syn-CH3CHOO, (CH3)2COO, and CH3CH2CHOO were
obtained in the CH stretch overtone region by detecting the OH radical products using
laser-induced fluorescence (LIF).15, 21-23 The CH stretch overtone excitation provides
sufficient energy to surmount or tunnel through the TS barrier to reaction. Recently, this
laboratory investigated the unimolecular dissociation dynamics of the syn-CH3CHOO
Criegee intermediate using photoionization of the OH X23/2 (v=0, N=3) products24, 25
combined with velocity map imaging (VMI).26 The VMI experiment utilized IR
excitation to drive the 1,4-H atom transfer process, and yielded the partitioning of
available energy into translation and internal degrees of freedom. The observed
translational energy release of the recoiling fragments indicated that most of the available
energy was funneled into internal excitation of the vinoxy (CH2CHO) co-fragment.
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Figure 1. Energy profile of stationary points along the reaction coordinate from
(CH3)2COO to OH + 1-methylvinoxy (H2CC(CH3)O) radical products. The reaction
proceeds over a transition state (TS) associated with 1,4-H atom transfer and
isomerization to 1-methylethenylhydroperoxide (H2C=C(CH3)OOH, MHP), followed by
rapid decomposition to OH + H2CC(CH3)O products. The energies are obtained at the
CCSD(T)-F12b/HaDZ level of theory with zero-point energy corrections (Table 1).
Experimentally, the Criegee intermediates are excited by an IR pump laser (red arrow) in
the CH stretch overtone region. The resultant unimolecular decay yields OH products,
which are probed by photoionization with velocity map imaging detection. The 1+1′
REMPI scheme (right) combines resonant UV excitation via a OH A-X (1,0) transition at
281 nm with VUV ionization at 118 nm.
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Furthermore, the measured OH angular distribution was isotropic, indicating that
dissociation occurs on a ≥ 2 ps timescale based on the time period for rotation of synCH3CHOO from experimental rotational constants.27 This lower limit for the
dissociation lifetime is consistent with a recent direct time-domain measurements of the
appearance of OH products from syn-CH3CHOO on a nanosecond timescale following
vibrational activation at similar energies.15
The unimolecular decay dynamics of syn-CH3CHOO was also examined from a
complementary theoretical perspective.26 Quasi-classical trajectory (QCT) calculations
were conducted on a newly developed, full-dimensional ab initio potential energy surface
starting from several critical configurations to explore the dissociation dynamics. QCT
calculations initiated at the TS indicated that intramolecular vibrational redistribution
(IVR) occurs within the vinyl hydroperoxide (CH2=CHOOH, VHP) well region on a few
picosecond timescale before releasing OH products. The computed translational energy
distribution was in accord with experimental results, showing that most of the available
energy is partitioned into internal excitation of the vinoxy products, and that much less
flows into translation with minimal OH rotational excitation.
The present study focuses on the unimolecular dissociation dynamics of
vibrationally activated (CH3)2COO Criegee intermediates excited in the CH stretch
overtone region. Specifically, VMI of the OH products is utilized to obtain the
translational and co-fragment internal energies along with the dissociative lifetime of
(CH3)2COO, and is compared with the prior VMI study on syn-CH3CHOO. A statistical
model of the translational energy distribution is utilized to interpret the energy
partitioning resulting from unimolecular decay of the Criegee intermediates. A statistical
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distribution would be indicative of complete energy randomization in the unimolecular
dissociation dynamics, while a non-statistical distribution might arise from dynamical
constraint(s) in the reaction.
II. Methods
The dimethyl-substituted Criegee intermediate (CH3)2COO is generated in a
pulsed supersonic jet expansion using the same method as reported previously.22, 28
Briefly, the gem-diiodo precursor (CH3)2CI2 is seeded in 10% O2/Ar at 15 psi and pulsed
(General Valve Series 9 solenoid valve; 1 mm orifice) into a quartz capillary reactor tube
(1 mm ID; 40 mm length), where it is photolyzed with the loosely focused 248 nm output
from a KrF excimer laser (Coherent Compex 102, 10 Hz) using a cylindrical lens. The
resultant (CH3)2CI photofragments react with O2 to generate energized (CH3)2COO,
which are collisionally stabilized in the capillary tube and cooled in the subsequent
supersonic jet expansion (Trot  10 K).22 The resultant pulsed gas mixture is probed in a
collision free region after traveling ~4 cm downstream from the capillary exit.
(CH3)2COO is intersected at right angles with counter-propagating and spatially
overlapped IR, UV and VUV laser beams in the interaction region of a velocity map
imaging (VMI) apparatus.
The tunable IR output (signal  20 mJ/pulse) from an optical parametric
oscillator/amplifier (OPO/OPA, LaserVision; 0.15 cm-1 bandwidth) pumped by an
injection-seeded Nd:YAG laser (Continuum Precision II 8000, 5 Hz) is employed for IR
activation of (CH3)2COO in the CH stretch overtone region. The hydroxyl radical (OH)
products are ionized using a state-selective 1+1 resonance enhanced multiphoton
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ionization (REMPI) scheme,24, 25, 29 which combines resonant OH A-X (1,0) excitation at
281 nm with VUV ionization at 118 nm. The UV probe radiation (2 mJ/pulse) is the
frequency-doubled output of a Nd:YAG pumped dye laser (Innolas Narrowscan, 10 Hz),
which is delayed by 67 ns with respect to the IR pulse. Fixed frequency VUV radiation
at 118 nm is generated by frequency tripling the third harmonic of an Nd:YAG laser
(Continuum Powerlite 9010, 10 Hz) at 355 nm (30 mJ/pulse) in a phased-matched Xe/Ar
gas mixture.
The ions are accelerated on axis with the expansion under the designed electric
field generated by a set of ion optics. After flying through a field free time-of-flight tube,
the OH+ ions are velocity focused onto a spatially-sensitive MCP/phosphor screen
coupled detector. The detector is gated for the OH+ mass channel (m/z=17) to collect
images. The VMI apparatus design and calibration yield an energy resolution (ΔE/E) of
~10% as discussed in detail previously.30-32 The OH+ images are captured by a CCD
camera and reconstructed using the pBASEX program33 to obtain velocity and angular
distributions for the OH products. The IR pump laser polarization is set parallel to the
plane of the MCP detector.
A background signal arises from OH radicals produced from the decomposition of
(CH3)2COO in the capillary source, which are cooled in the supersonic expansion to the
lowest few rotational levels. This background signal appears as a central spot on the
detector. An active background subtraction scheme (IR pump laser operated at half the
repetition rate of other lasers) is implemented to remove this source of OH radicals from
the image. A small constant background of ions is also observed, which is removed by
subtraction from the OH+ image before the image reconstruction.
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The gem-diiodo precursor (CH3)2CI2 is synthesized using the same method as
described previously.34 Briefly, the reaction of acetone (Fisher Scientific, ≥99.5%) and
hydrazine monohydrate (Acros Organics, 100%) produces crude hydrozone, which is
then oxidized in the present of iodine (Acros Organics) to make final products. The
product is purified by Kugelrohr distillation and confirmed by 1H NMR and gas
chromatography mass spectrometry.
Ground state minimum geometries and energies of (CH3)2COO, the transition
state, H2C=C(CH3)OOH (MHP), and the dissociation products are optimized and
obtained using the MOLPRO 2010 package.35 The single-reference calculation is applied
with the explicitly correlated coupled-cluster method with singles, doubles, and a
perturbation treatment of triple excitation (CCSD(T)-F12b), with the aug-cc-pVDZ basis
for the C and O atoms and the cc-pVDZ basis for O atoms (HaDZ).35 Harmonic
frequencies are also computed at the same level of theory and used for zero point
correction of energies.
III. Results
The minimum energy geometries and energies for (CH3)2COO, the transition state
(TS), the MHP well, and the dissociation products shown in Figure 1 are optimized at the
CCSD(T)-F12b/HaDZ level of theory. The zero-point corrected energies (Table 1)
utilize harmonic frequencies determined at the same level of theory. The properties of
the TS and MHP are in very good accord with another recent high-level electronic
structure calculation at the CCSD(T)-F12/CBS level of theory.15 The present calculations
indicate a slightly endothermic process overall with the OH + H2CC(CH3)O product
asymptote lying ~1100 cm-1 higher in energy than (CH3)2COO. The reaction
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Table 1. Computed energies (kcal mol-1) and zero-point corrected energies (in
parenthesis, kcal mol-1) for stationary points along the reaction pathways from
(CH3)2COO and syn-CH3CHOO to OH products. Energies relative to the ground states
of the respective Criegee intermediates.
Energy (cm-1)

Species

CCSD(T)-F12/CBS a

CCSD(T)-F12b/HaDZ

(CH3)2COO

0

0

TS

18.01 [16.16] (15.64)

17.99 (15.77) b

H2C=C(CH3)OOH

-17.07 [-15.90] (-16.81)

-17.07 (-16.90) b
8.35 (3.14) b, c

OH + H2CC(CH3)O

a

syn-CH3CHOO

0

0

TS

18.69 [17.05] (16.56)

18.64 (16.19) d

CH2=CHOOH

-19.26 [-18.10] (-19.01)

-19.27 (-18.95) d

CH2CHOOH† e

3.7 d

CH2CHO···OH e

2.9 d

OH + CH2CHO

6.83 (1.51) c, d

Ref. 15. Energies in square brackets include anharmonic zero-point energy, higher
order excitations, core-valence interactions, relativistic effects, and in some cases
diagonal Born-Oppenheimer corrections. Energies in parenthesis include anharmonic
zero-point energy corrections only for comparison with other studies.

b

Present study with harmonic zero-point corrected energies in parenthesis.

c

Overall reaction energetics are in excellent agreement with CCSD(T)-F12a/VDZ
calculations by Kurten (Ref. 36).

d

Ref. 26 with harmonic zero-point corrected energies in parenthesis.

e

Submerged barrier (CH2CHOOH†) and product complex (CH2CHO···OH) from Ref. 26.
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endothermicity, Erxn ~ 1100 cm-1, does not change appreciably when vibrational
anharmonicity is taken into account. The overall reaction energetics are in excellent
agreement with another recent evaluation using CCSD(T)-F12a/VDZ level of theory.36
The energy available to OH + H2CC(CH3)O products is defined as the IR excitation
energy minus the computed reaction endothermicity, Eavl  hvIR  Erxn , and assumes
minimal internal excitation of (CH3)2COO (Trot  10 K).
IR activation of (CH3)2COO in the CH stretch overtone (2CH) region near 6000
cm-1 has been shown to generate OH products.15, 22 Previously, IR excitation of the most
intense feature in the IR action spectrum at 5730.5 cm-1 was found to yield OH X23/2
(v=0) products with an average rotational energy of 320 cm-1.22 The present study
utilizes state-selective 1+1′ REMPI with VMI detection to ascertain the velocity and
angular distribution of the OH products following the IR excitation of (CH3)2COO at
5730.5 cm-1. The OH X23/2 (v=0, N=3) product state was probed using the OH A-X
(1,0) R1(3) line with fixed 118 nm VUV. This probe transition gave the highest signalto-background ratio due to the nascent OH population,22 enhanced ionization
efficiency,24, 25, 29 and minimal background.
The two-dimensional ion image of the OH fragments obtained with the IR laser
polarization parallel to the detector is shown in Figure 2. The raw image appears to be
isotropic, indicating that the dissociative process occurs more slowly than the rotational
period ( ≥ 3 ps) of (CH3)2COO based on computed rotational constants.37 The angular
distribution was also examined more quantitatively by recasting the lab frame angular
distribution, I(θ), as I    1    P2 (cos ) , where θ is the angle between the recoil
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Figure 2. (Right) Raw velocity map ion image of OH products following CH overtone
excitation at 5730.5 cm-1 of (CH3)2COO using vertical polarization (red arrow) for the IR
laser in the plane of the detector. The isotropic angular distribution indicates that
unimolecular dissociation of (CH3)2COO is slower than its rotational period ( ≥ 3 ps).
(Left) Total kinetic energy release (TKER) distribution (blue) of the OH and 1methylvinoxy (H2CC(CH3)O) products deduced from the velocity map image. Also
shown is the relative translational energy distribution (black) of the products obtained
from a statistical Prior calculation. The upper axis gives the corresponding internal
energy of the 1-methylvinoxy products.
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direction and the polarization of the IR pump laser and P2 is a second-order Legendre
polynomial. After 3D image reconstruction performed using the pBASEX program, the
anisotropy parameter β is determined to be 0.04(20) near the peak (fwhm region) of the
kinetic energy distribution and does not change over the range of kinetic energies
observed. The anisotropy parameter is effectively zero, demonstrating that the angular
distribution is indeed isotropic.
The radial distribution is then integrated over the angular coordinate to obtain the
velocity distribution of the OH (v=0, N=3) fragments. The total kinetic energy released
(TKER) to the OH + H2CC(CH3)O products is obtained from the velocity distribution of
the OH fragments using conservation of linear momentum. The resultant TKER
distribution is shown in Figure 2 with a simple polynomial fit superimposed on the data
to guide the eye. The TKER distribution is broad and unstructured, extending over 4000
cm-1 with peak at 550 cm-1 and breadth (fwhm) of 1210 cm-1.
The average translational energy release is 1020 cm-1. This accounts for 22% of
the available energy with Eavl = 4600 cm-1 (Table 2). The internal excitation of the OH
product is fixed at Eint(OH) = 202 cm-1 based on the rovibrational level of OH X2
probed in the 1+1′ REMPI scheme used for the VMI experiments; this corresponds to 4%
of the energy available to products. Therefore, on average, 74% of the available energy
is channeled into internal excitation of the H2CC(CH3)O co-fragments. The internal
energy distribution of the H2CC(CH3)O co-products is readily deduced based on
conservation of energy, revealing a broad and highly inverted H2CC(CH3)O distribution
as shown in Figure 2. The peak of the TKER distribution at 550 cm-1 corresponds to a
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Table 2. Total kinetic energy release (TKER), angular distributions, and partitioning of
available energy (Eavl) to products following unimolecular decay of IR activated
(CH3)2COO and syn-CH3CHOO Criegee intermediates. Energies given in cm-1.
(CH3)2COO a

syn-CH3CHOO b

IR excitation c

5730.5

6083.5

Eavl d

4634

5556

<TKER> e

1020 (22%)

1110 (20%)

Peak f

550

600

fwhm g

1210

1340

Eint(OH) h

202 (4%)

202 (4%)

<Eint(co-fragment)> i

3412 (74%)

4244 (76%)

j

0.04(20)

0.06(24)

a

Present work.

b

Ref. 26.

c

Experimental IR excitation energy.

d

Available energy defined in text.

e

Average total kinetic energy release energy; percentage of available energy given in

parentheses.
f

Most probable kinetic energy of TKER distribution.

g

Full width at half maximum of TKER distribution.

h

Internal energy of OH radical products with percentage of available energy given in

parentheses.
i

Average internal energy of co-fragments, H2CC(CH3)O or CH2CHO, with percentage of

available energy given in parentheses.
j

Anisotropy parameter  defined in text.
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most probable internal excitation of ~3900 cm-1 for the H2CC(CH3)O co-products. At
this internal energy, the density of H2CC(CH3)O vibrational states is too high (ca. 100
states/cm-1) to be able to resolve vibrational structure. The partitioning of available
energy to products following unimolecular decay of IR activated (CH3)2COO will be
compared with that observed previously for syn-CH3CHOO in the Discussion section.
A statistical Prior distribution of the translational energy release to OH +
H2CC(CH3)O products is evaluated for comparison with the experimental TKER
distribution.38, 39 The Prior distribution assumes that all energetically allowed final
quantum states of products are populated equally, as might be expected for a simple
(barrierless) bond breaking process.39 Computing the Prior distribution involves counting
the number of product quantum states at a given available energy and grouping them
together according to the experimental resolution (ΔE/E ~10%). The Prior expectation is
to populate every energetically allowed group of product states with a probability
proportional to the number of states in that group. Only the quantum states of the
H2CC(CH3)O fragment are included in the state count because the quantum state of OH
X2 (v=0, N=3) is fixed in the experiment. The energy E released to the products is
therefore reduced by the fixed OH energy, E  Eavl  Eint (OH) . The density of
translational states is expressed as  ( ET )  AT ( E  Eint )1/ 2 ,38 where ET is the translational
energy, AT is a normalization constant, and Eint is the internal energy of the H2CC(CH3)O
co-fragment. The total density of states (E) at the energy E is the sum over all internal
vibrational and rotational (v, j) states of the H2CC(CH3)O radical that are allowed by
vmax jmax

conservation of energy, expressed as  ( E )  AT  ( E  Ev , j )1/2 . The methyl group in
v 0 j 0

178

H2CC(CH3)O is treated as a hindered rotor with a barrier to internal rotation of ca. 130
cm-1 as found previously.40 The Prior distribution for translational energy is then
evaluated as P ( ET )   ( ET ) /  ( E ) . The harmonic frequencies and rotational constants for
the H2CC(CH3)O radical product used in the Prior calculation are given in Table A1.41
The translational energy distribution of the products derived from the Prior
calculation for IR activated (CH3)2COO is plotted in Figure 2. The Prior distribution has
a most probable translational energy of 580 cm-1, an average translational energy of 1020
cm-1, corresponding to 22% of the available energy, and a breadth (fwhm) of 1330 cm-1.
The Prior distribution is in very good accord with the experimental TKER distribution as
shown in Figure 2. The Prior calculation was repeated to obtain the translational energy
distribution from IR activated syn-CH3CHOO using the parameters given in Tables 1, 2,
and S1.41 In this case, the Prior distribution shown in Figure 3 has a most probable
translational energy of 870 cm-1, an average translational energy of 1460 cm-1,
corresponding to 26% of the available energy, and a breadth (fwhm) of 1950 cm-1. The
Prior distribution deduced for syn-CH3CHOO differs considerably from the total kinetic
energy release observed experimentally (Figure 3) and from that predicted for
(CH3)2COO (Figure 2) as discussed below.
IV. Discussion
The broad unstructured TKER distribution observed upon IR excitation of
(CH3)2COO at 5730.5 cm-1 is similar in many respects to that reported recently for synCH3CHOO upon IR excitation at 6081 cm-1. The key parameters derived from the TKER
distributions in the two systems are summarized in Table 2. In both cases, the
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partitioning of energy released to products is dominated by significant internal excitation
of the polyatomic radical product, H2CC(CH3)O (74%) or CH2CHO (76%), and modest
translational excitation (22% or 20%). The percentages are based on average energies
derived from the TKER distributions. A similar partitioning to internal excitation of
CH2CHO (75%) and translational excitation (22%) was observed for syn-CH3CHOO
excited at 5709 cm-1. The internal excitation of the OH (4%) products is fixed in the
VMI experiments. Separate experiments that examined the full OH X2 product state
distribution also show little rotational and no vibrational excitation.21, 22
The two systems differ in the energy released to products due to the different IR
excitation energies and computed endothermicity of the reactions. The available energy
to products from IR activated (CH3)2COO is nearly 20% less than that from synCH3CHOO. On the other hand, the H2CC(CH3)O radical product has 9 additional
vibrational degrees of freedom compared to the CH2CHO product, which considerably
increases the density of vibrational states of the larger radical product at the relevant
energies.
The statistical Prior calculation of the translational energy release to OH +
H2CC(CH3)O products following the IR excitation of (CH3)2COO at 5730.5 cm-1 is in
very good accord with the experimental TKER distribution as shown in Figure 2. The
excellent agreement indicates that the available energy is statistically partitioned into
translational motion of the recoiling OH + H2CC(CH3)O products and internal excitation
of the H2CC(CH3)O fragment. The Prior distribution of the translational energy release
to products following IR activation of syn-CH3CHOO at 6081 cm-1 (Figure 3) peaks at
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Figure 3. The experimental (red) and statistical Prior (black) distributions of the
translational energy release to OH and vinoxy (CH2CHO) products following the IR
activation of syn-CH3CHOO at 6083.5 cm-1. The upper axis gives the corresponding
internal energy of the vinoxy products. The experimental TKER distribution is adapted
from Figure 3a of Ref. 26.
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higher energy and is noticeably broader than that predicted for (CH3)2COO (Figure 2);
these trends are retained after scaling to the energy available to the products. The change
originates primarily from the 9 fewer vibrational degrees of freedom of the CH2CHO
product from syn-CH3CHOO compared to the H2CC(CH3)O product from (CH3)2COO.
On average, the CH2CHO product accommodates a smaller percentage (70%) of the
available energy in a statistical distribution over product states than the H2CC(CH3)O
product (74%) from (CH3)2COO at the relevant energies.
There is a corresponding higher percentage of translational energy released to OH
+ CH2CHO products (26%) than OH + H2CC(CH3)O products (22%). The Prior
distribution of the translational energy release to products is also markedly different than
the experimental TKER distribution from IR activated syn-CH3CHOO at 6081 cm-1
(Figure 3),26 indicating that there are dynamical constraints in the dissociation process to
OH + CH2CHO radical products. The dynamical constraints likely arise from unusual
features of the potential energy surface in the exit channel region between VHP and
separated OH X2 + CH2CHO X2A radical products, which include a submerged saddle
point and an associated shallow minimum at long range.26, 42
Previously, quasi-classical trajectory (QCT) calculations were performed starting
from several critical configurations on a full dimensional, ab initio potential energy
surface in order to elucidate the dynamical pathway(s) from the syn-CH3CHOO Criegee
intermediate to OH products.26 Representative trajectories starting from the TS for H
atom transfer from syn-CH3CHOO to CH2=CHOOH (VHP) revealed extensive
intramolecular vibrational energy redistribution (IVR) within the highly energized VHP
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species prior to O-O bond scission and dissociation to OH + vinoxy products on a few
picosecond timescale. Many trajectories also showed that the H atom of OH points
toward the O atom of vinoxy prior to dissociation as a result of an attractive interaction
between the separating products at long range. The experimentally observed translational
energy distribution was reasonably well represented by QCT calculations started at TS
and VHP configurations. Very good agreement with experiment was found for
trajectories initiated from a submerged saddle point configuration in the exit channel,
emphasizing the importance of the exit channel region in the dissociation dynamics. Exit
channel effects have been shown to influence product state distributions in prior studies,
for example in H-atom abstraction reactions of Cl radicals with polar molecules.43
For (CH3)2COO and syn-CH3CHOO, the isotropic VMI images indicate that
unimolecular decay occurs more slowly than the rotational period (ca. 2-3 ps) of Criegee
intermediate. These lower limits are consistent with recent direct time-domain
measurements of the appearance of OH products following CH stretch overtone
excitation of (CH3)2COO and syn-CH3CHOO.15 IR excitation of (CH3)2COO at 5730.5
cm-1 resulted in an OH appearance time of 23.8 ± 1.1 ns, corresponding to a unimolecular
decay rate of 4.2 ± 0.2 × 107 s-1 for the Criegee intermediate.15 IR excitation of synCH3CHOO at 5709 cm-1 yielded a shorter OH risetime of 6.7 ± 0.2 ns with a
corresponding unimolecular decay rate of 1.5 ± 0.1 × 108 s-1 for the Criegee intermediate;
the OH risetime was even faster (laser pulse width limited) at 6081 cm-1. The
experimental rates are in excellent agreement with microcanonical Rice-RamspergerKassel-Marcus (RRKM) dissociation rates for the Criegee intermediates based on high
level electronic structure calculation of the TS barriers (see Table 1) and inclusion of
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tunneling. The slower unimolecular decay for (CH3)2COO was attributed primarily to its
higher density of states compared to syn-CH3CHOO.
The statistical unimolecular dissociation rates for both systems at these excitation
energies, which are in the vicinity of the TS barriers, indicate that energy is randomized
in the rate-limiting step of 1,4 H-atom transfer from the methyl- or dimethyl-substituted
Criegee intermediate to VHP or MHP species that leads to dissociation. A high density
of states of the energized VHP or MHP intermediate, estimated at 4×105 and 6×107
states/cm-1, respectively, is consistent with extensive IVR in this well region. The
nonstatistical behavior observed in the translational energy distribution of the products
from syn-CH3CHOO likely originates from exit channel effects as the OH and CH2CHO
radicals separate. As noted previously, the region of the potential energy surface from
VHP to OH X2 + CH2CHO X2A radical products has intrinsic multireference character
with a submerged barrier and shallow well at long range.26, 42 By comparison, the
translational energy release to OH X2 + H2CC(CH3)O X2A radical products following
unimolecular decay of (CH3)2COO is consistent with a statistical partitioning of excess
energy to products.
V. Conclusions
Infrared excitation in the CH stretch overtone region (specifically at 5730.5 cm-1)
has been used to prepare the (CH3)2COO Criegee intermediate in the vicinity of the
barrier associated with H-atom transfer to the terminal O-atom from the adjacent methyl
group, which initiates unimolecular decay. The reaction proceeds with isomerization to
H2C=C(CH3)OOH followed by O-O bond breakage to yield OH + H2CC(CH3)O radical
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products. The properties of key stationary points along the reaction pathway have been
evaluated using high-level electronic structure theory. In the experiment, the OH (v=0,
N=3) products are state-selectively detected using a combination of UV excitation on the
A-X (1,0) transition and fixed VUV at 118 nm for ionization. The angular and velocity
distributions of the OH products are obtained through velocity map imaging.
The isotropic angular distribution observed indicates that (CH3)2COO undergoes
rotation prior to unimolecular decay, yielding a 3 ps lower limit for dissociation. This is
consistent with the nanosecond timescale (23.8  1.1 ns) obtained in a recent direct time
domain measurement and agrees well with a statistical RRKM evaluation of the
microcanonical dissociation rate.15 The corresponding translational energy distribution of
the OH + H2CC(CH3)O products is broad and unstructured, and accounts for 22% of the
energy released on average. The probed rotational state of the OH fragment corresponds
to 4% of the available energy, indicating that the energy is partitioned preferentially as
internal excitation of the H2CC(CH3)O products with 74% of the available energy on
average. The total kinetic energy release distribution is in good accord with a statistical
product translational energy distribution, which is evaluated based on equal population of
energetically accessible product quantum states.
By contrast, unimolecular decay of IR activated syn-CH3CHOO at similar
energies does not result in a statistical translational energy release to OH + CH2CHO
products. Yet, the rate of unimolecular decay for syn-CH3CHOO to products is
consistent with statistical RRKM calculations that include tunneling.15 In addition, many
trajectories indicate that the VHP isomer formed upon H-atom transfer undergoes
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extensive IVR prior to dissociation to products. As discussed previously,26 the kinetic
energy release and internal energy distributions of the OH and CH2CHO products appear
to be influenced by features of the multidimensional potential energy surface in the exit
channel, notably a submerged barrier and radical-radical attractive interaction at long
range. Even a low transition state barrier may affect the dissociation dynamics from
VHP to radical products,42 such that it is not a simple barrierless process with a statistical
product distribution. Moreover, there is experimental evidence that VHP dissociation to
OH products is pressure-dependent, suggesting that VHP may be collisionally stabilized
at atmospheric pressures.4, 6 Further study of the effects of substituents (R1, R2) on the
unimolecular dissociation dynamics of Criegee intermediates (R1R2COO), in particular
the exit channel from the substituted vinyl hydroperoxide to OH radical products, seems
warranted. These calculations are challenging since the exit channel region of the
potential energy surface is multireference in character as a singlet substituted vinyl
hydroperoxide species dissociates into two doublet radical products.
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Appendix I

Ion Imaging Studies of the Photodissociation Dynamics of CH2I2
at 248 nm Supplementary Material

This appendix has been published as online supplementary material in Chemical Physics
Letters 590, 16 (2012) and is a supplement to Chapter 2 of this thesis. This research was
performed with graduate student Julia H. Lehman and Marsha I. Lester in the Department
of Chemistry, University of Pennsylvania.
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I. CH2I2 Photodissociation at 313 nm
Numerous experimental studies have probed the iodine atom products following
excitation of CH2I2 to electronic states of B1 symmetry via the lowest two absorption
bands. The primary findings are briefly summarized here. Dissociation of CH2I2 is
prompt compared to the period of rotation as evident from the anisotropic angular
distribution of the iodine photofragments.[1] The anisotropic distribution is characteristic
of a B1 ← A1 transition,[1-4] confirming the B1 symmetry of the two lowest excited
states and the ordering of electronic states predicted by a simple exciton model.[1] In
addition, the translational energy release to iodine atoms is only a small fraction of the
available energy, indicating that the CH2I fragments are generated with high internal
excitation. Specifically, some 75 to 90% of the available energy is channeled to internal
excitation of CH2I radicals produced with ground state I(2P3/2) and/or spin-orbit excited
I*(2P1/2) cofragments.[2-5]
The photodissociation of CH2I2 and subsequent ionization of the I (2P3/2) or I*
(2P1/2) atoms by 2+1 REMPI can be examined in a one-laser (one-color) experiment, as
previously explored by Xu et al. in the 277-304 nm range.[4] In the present study, a onecolor experiment of CH2I2 photodissociation and subsequent ionization of the I* (2P1/2)
products is performed at 313 nm. We are extending the earlier investigation to longer
wavelength because of the utility of 2+1 REMPI at 313 nm as a probe of the I* (2P1/2)
products from photodissociation of CH2I2 at 248 nm presented in Sec. III of the main
text. The I* yield [combined absorption and quantum yield (0.2)][6,7] from probe laser

192

photolysis of CH2I2 (background) is reduced compared to other shorter wavelengths
suitable for 2+1 REMPI detection of I* (2P1/2).[8-10]
Following 313 nm photolysis of CH2I2, the resultant one-color image and
reconstruction for the CH2I + I* (2P1/2) pathway is shown in the top panel of Figure 2 in
the main text, where the probe laser polarization is set parallel to the plane of the
detector. The total kinetic energy release (TKER) profile from the reconstructed image is
shown on the left side of Figure 2a of the main text. Using a Gaussian fit to the TKER
profile, the average total translational energy, ET , is approximately 1300 cm-1 with a
fwhm ~ 700 cm-1. Given the available energy of 6400 cm-1, the ET indicates that
approximately 80% of the available energy goes into internal excitation of the CH2I
fragment with Eint ~5100 cm-1. The high degree of CH2I internal excitation is in accord
with previous photodissociation results at somewhat shorter wavelengths (277-305 nm)
corresponding to the 2B1 excited state of CH2I2.[4]
When the probe laser is operated with the polarization parallel to the plane of the
detector, as in the left image of the main text Figure 2a, a β parameter of 1.15(4) is
derived from the angular distribution. This angular distribution is obtained around the
peak of the TKER feature in the image reconstruction from the 313 nm photodissociation
process. Using the model outlined in the main text, the C2v symmetry of CH2I2 can be
used to predict β parameters based on the angle between the transition dipole moment and
the recoil velocity vectors. The transition dipole moment for a B1 ← X A1 transition in
CH2I2 with C2v geometry would lie parallel to the I-I direction.[1,3,4] Using the
experimentally determined ground state ICI angle (114.7°),[11] the angleis found to be
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~33°, resulting in a predicted β = 1.13, which is very close to the present experimental
observation and similar to what was observed at other excitation wavelengths within the
2B1 band.[1,3,4] Since the observed β parameter from I* products matches the predicted
anisotropy for a B1 ← X A1 transition, the photodissociation of CH2I2 at 313 nm
investigated in this work appears to probe only the adiabatic dissociation pathway from
the 2B1 excited electronic state, which correlates to the I* product channel. Note that the
previously reported I* quantum yield (20%) suggests that other nonadabatic channel(s)
are involved in the dissociation dynamics.[6,7]
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APPENDIX II

Velocity Map Imaging of O-Atom Products from UV Photodissociation
of the CH2OO Criegee Intermediate Supporting Information

This appendix has been published as online supplementary material in Journal of
Chemical Physics 142, 214312 (2015) and is a supplement to Chapter 4 of this thesis.
Supporting information was performed with graduate student Yi Fang, post-doctorate
Joseph M. Beames and Marsha I. Lester in the Department of Chemistry, University of
Pennsylvania
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Figure A1. Illustration of simulated O 3P and O 1D action spectra for linearly increasing
O 3P yield from 378 to 300 nm with 5% (left panel, red), 20% (middle panel, orange), and
35% (right panel, green) O 3P yield at 335 nm. In each case, the sum of the simulated O
3

P and O 1D action spectra yields the dark blue shaded spectrum, which reproduces the

Gaussian fit to the absorption spectrum (light blue shaded spectrum) within uncertainty
estimates.
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Figure A2. Left panel: Illustration of simulated O 3P and O 1D action spectra for linearly
increasing O 3P yield from 378 to 300 nm with 20% O 3P yield at 335 nm (see Figure A1
for further details). Right panel: The simulated O 1D action spectrum (orange) is scaled
to match the peak amplitude of the absorption spectrum (light blue), showing that the
shape of the O 1D action spectrum is essentially unchanged from the absorption spectrum
within experimental uncertainty.
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Figure A3. Simulations of the H2CO a3A co-fragment rotational distribution in the CH2
wag (ν4) mode were carried out using the JB95 program for an asymmetric rigid rotor,1,2
based on calculated rotational constants and electric dipole moment directions at the
DFT//B3LYP/6-311+G(2d,p) level of theory. We assume a rotational temperature of 600
K and convolute the progression of H2CO a3A rovibrational features with the
experimental kinetic energy resolution (E/E  10%) using a Lorentzian function.
Rotational simulations (red trace; scaled 10-fold), and the combined rotational simulation
and experimental resolution (gray shaded region) summed for all quanta in ν4 are shown
along with the experimental TKER distribution (blue). The intensity profile of the
simulations is based on a Gaussian distribution centered at 〈𝐸int 〉 with the breadth of the
TKER distribution. Much of the TKER distribution is reproduced by rotational
simulations of a progression in the ν4 mode and the experimental kinetic energy
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resolution. According to the simple harmonic model described in the main text, a large
excitation in the ν4 mode is anticipated; to a lesser extent, distortion in the CO stretch (ν2)
mode is also predicted. However, other modes, such as the CH2 rock (ν6), may contribute
to the TKER distribution. Furthermore, the rotational temperature may differ across the
vibrational features.
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APPENDIX III

Unimolecular dissociation dynamics of vibrationally activated
CH3CHOO Criegee intermediates to OH radical products
Supplementary Material

This appendix has been published as online supplementary material in Nature Chemistry
8, 509 (2016) and is a supplement to Chapter 6 of this thesis. Supporting information
was performed with post-doctorate Nathanael M. Kidwell, and Marsha I. Lester in the
Department of Chemistry, University of Pennsylvania. Theoretical calculations were
carried out by graduate student Xiaohong Wang and Joel M. Bowman in the Department
of Chemistry, Emory University.
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I. Experimental Methods
The CH3CHOO Criegee intermediate is generated in a pulsed supersonic jet
expansion using the same method as reported previously.1, 2 The CH3CHI2 precursor is
seeded in 10% O2/Ar at 15 psi and subsequently pulsed through a quartz capillary reactor
tube, where it is photolyzed with the 248 nm output from a KrF excimer laser (Coherent
Compex 102, 10 Hz). Reaction between O2 and the CH3CHI radical products forms
energized CH3CHOO in the reactor tube. Collisional stabilization in the capillary and
supersonic expansion leads to internally cold CH3CHOO (Trot  10 K) under collisionfree conditions downstream. CH3CHOO is then intersected in the interaction region of a
velocity map imaging (VMI) apparatus with counter-propagating and spatially
overlapped IR, UV and VUV laser beams for pump-probe experiments.
The tunable IR output (signal  20 mJ/pulse) from an optical parametric
oscillator/amplifier (OPO/OPA, LaserVision; 0.15 cm-1 bandwidth) pumped by an
injection-seeded Nd:YAG laser (Continuum Precision II 8000, 5 Hz) is employed for IR
activation of CH3CHOO in the CH stretch overtone region. Following IR excitation (67
ns IR-UV time delay), UV probe radiation (2 mJ/pulse) is utilized for excitation of the
OH (v, N) fragments, where v is the vibrational quantum number and N is the rotational
quantum number, on the A-X (1,0) transition at 281 nm, which is generated from the
frequency-doubled output of a Nd:YAG pumped dye laser (Innolas Narrowscan, 10 Hz).
Next, the electronically excited OH A2+ (v=1) radicals are ionized using a counterpropagating, fixed-frequency VUV laser beam by means of a 1+1 resonance enhanced
multiphoton ionization (REMPI) scheme.3, 4 The VUV radiation (118 nm) is produced by
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frequency tripling the 355 nm output (~40 mJ/pulse) from a Nd:YAG laser (Continuum
Powerlite Precision 9000, 10 Hz) in a Xe/Ar gas cell.
The OH ions are accelerated on axis with the supersonic expansion using a set of
ion optics and fly through a field free time-of-flight tube, and are velocity focused onto a
spatially-sensitive MCP/phosphor screen coupled detector, which is gated for the OH+
mass (m/z=17). The VMI apparatus design and calibration are discussed in detail
previously.5-8 The calibration yields an energy resolution (ΔE/E) of approximately 10%.
A CCD camera is used to capture the spatial images and the pBASEX program9 is used to
obtain velocity and angular distributions. The IR laser polarization is set parallel to the
plane of the MCP detector. The experimental scheme is shown in Figure A1.
OH background signal arises from the decomposition of energized CH3CHOO
Criegee intermediates in the capillary source. The OH radicals generated in this manner
are cooled in the supersonic expansion to their lowest few rotational levels and appear as
a central spot on the detector. An active background subtraction scheme is implemented
to remove this source of OH radicals from the image. Furthermore, a small constant
background of ions is observed, which is removed by subtraction from the OH+ image
before the image reconstruction.
The IR laser excitation prepares syn-CH3CHOO with a narrow energy distribution
(2 cm-1) at 6081 or 5709 cm-1 in the vicinity of the transition state barrier (TS).2 Criegee
intermediates resulting from alkene ozonolysis, a highly exothermic reaction (ca. 50 kcal
mol-1), are predicted to have a broad distribution of internal energies.10-13 A portion of
the Criegee intermediates will have energy in excess of the TS barrier and promptly
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Figure A1. Experimental apparatus using velocity map imaging of OH fragments from
the IR activation of syn-CH3CHOO. The CH3CHI2 precursor is seeded in 10% O2/Ar and
is photolyzed with 248 nm radiation from a KrF excimer laser along the length of the
capillary tube. Subsequent cooling from supersonic expansion yields internally cold synCH3CHOO, which is then intersected in the collision-free region with the IR pump laser
initiating unimolecuar decay. OH fragments are then state-selectively detected with the
UV and VUV ionization lasers, and the OH ions are extracted and imaged on a position
sensitive detector using a CCD camera.
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dissociate to OH products. Under atmospheric conditions, the remaining Criegee
intermediates will be collisionally stabilized and thermalized prior to unimolecular decay
to OH products.
II. Experimental Results
In this work, IR-induced depletion on the m/z = 60 (CH3CHOO+) ion mass
channel is also examined. At the peak of the 6081 cm-1 feature, approximately 10% of
the ion signal is depleted. As a rule of thumb, the first CH overtone transition is expected
to be an order of magnitude weaker than the fundamental IR transition. The 10%
depletion is larger than might be expected for the CH overtone transition (absorption
cross section  3×10-23 cm2 molecule-1), suggesting that syn-CH3CHOO undergoes rapid
dynamics in the excited vibrational state due to IVR and/or reaction. Indeed, the
previously reported rotational band contour analysis of the 6081 cm-1 feature exhibited
homogeneous line broadening indicative of rapid (3 ps) IVR.2 Similarly, a 4%
depletion in the m/z = 60 (CH3CHOO+) ion signal is observed when the IR pump laser is
resonant with the peak of the 5709 cm-1 feature, which is consistent with the relative
intensities for the 6081 and 5709 cm-1 vibrational features in the IR action spectrum taken
previously.2 A corresponding gain is also detected in the m/z = 17 ion signal (OH+) when
the resonant UV probe is incorporated in the experiment, and is utilized for the VMI
study.
The unimolecular decay dynamics of syn-CH3CHOO is also examined following
IR excitation of the 5709 cm-1 feature, which lies approximately 370 cm-1 lower in energy
than the 6081 cm-1 feature discussed in the main text. The 5709 cm-1 feature was not
204

Figure A2. Total kinetic energy release (TKER) to OH (v=0, N=3) and vinoxy coproducts for the IR pump laser at 5706.0 cm-1 recorded with vertical polarization (arrow).
The inset shows the raw velocity map image with an isotropic angular distribution. The
upper axis gives the corresponding internal energy Eint of the vinoxy products assuming
4980 cm-1 is available for TKER and/or Eint(CH2CHO).
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amenable to rotational band contour analysis,2 indicating mixed or overlapped vibrational
states. The present VMI study yielded the raw image for the OH fragments and total
kinetic energy release (TKER) distribution shown in Figure A2. Similar to the 6081 cm-1
feature, the raw image is isotropic, indicative of a dissociative process that is longer than
the rotational period (τ ≥ 2 ps) of syn-CH3CHOO.14, 15
For a more quantitative assessment, the lab frame angular distribution, I(θ), can
be recast as I(θ)  1+β·P2(cosθ), where θ is the angle between the recoil direction and the
polarization of the IR photolysis laser and P2 is a second-order Legendre polynomial, to
derive an anisotropy parameter β for the TKER distribution. β values of essentially zero,
specifically 0.06(24) and 0.05(28) upon IR excitation at 6083.5 and 5706.0 cm-1,
respectively, are indicative of isotropic distributions. Furthermore, the β parameter does
not change over the range of kinetic energies observed. Thus, IR excitation of synCH3CHOO over a broad range of initial energies in the CH overtone region results in
dissociation to OH products on a time scale that is slower than its rotational period.
The 5709 cm-1 TKER distribution is somewhat ‘colder’ in comparison to the
corresponding 6081 cm-1 distribution shown in Figure 3, which is consistent with a
reduction in the excitation energy and resultant energy available to products. Table A1
lists the partitioning of available energy, defined as the IR excitation energy less the
reaction endothermicity of ΔErxn = 528 cm-1, over product translational and internal
degrees of freedom. The average translational energy (<Etrans>) is slightly less for the
5709 cm-1 VMI data set compared to the 6081 cm-1 VMI experimental data, but in both
cases the average translational energy accounts for approximately 20% of the available
energy. The energy deposited as internal excitation of OH is fixed at 202 cm-1 based on
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Table A1. Average translational (Etrans) and internal (Eint) energies (cm-1) of the OH and
vinoxy (CH2CHO) products from velocity map imaging (VMI) and OH product state
distribution (PSD) following IR excitation (cm-1) of the syn-CH3CHOO Criegee
intermediate.

a

Method

IR Excitationa

<Etrans>

<Eint(OH)>

<Eint(CH2CHO)>

VMI

6083.5b

1110

202c

4244

VMI

5706.0b

1070

202c

3906

OH PSD

5987.5



560



Available energy (Eavl) is equal to the IR excitation energy minus ΔErxn = 528 cm-1

(Table A2; PES).
b

Peak intensity of rotational band contour; band center (to nearest cm-1) reported in

main text.
c

Fixed for OH X23/2 (v=0, N=3).
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the resonant probe transition utilized in the VMI experiments. This corresponds to 4% of
the energy available to products. Therefore, most of the available energy is funneled into
internal excitation of the vinoxy (CH2CHO) co-fragment as shown on the top axis in
Figure A2. The average internal energy of the vinoxy products is then inferred by energy
balance. Approximately 75% of the available energy in VMI experiments is released on
average as internal excitation of CH2CHO. The average OH rotational energy
<Eint(OH)> is separately determined to be 10% of the available energy based on the
comprehensive OH product state distribution shown in Figure 4.
III. Computational Details
A. Potential Energy Surface (PES)
The PES for the dissociation dynamics of syn-CH3CHOO system is quite
challenging due to the high dimensionality and the multi-reference character in the region
of dissociation to OH + vinoxy. Recently, full-dimensional, semi-global PESs were
constructed for both syn- and anti-CH3CHOO conformers16, 17 with the aim to describe
the high resolution rovibrational spectroscopy of these conformers. These PESs are very
precise fits to nearly 20 000 electronic energies obtained using the single-reference
explicitly correlated coupled-cluster method with singles, doubles and a perturbation
treatment of triple excitation (CCSD(T)-F12b),18, 19 with aug-cc-pVDZ basis for the C
and O atoms and cc-pVDZ basis for H atoms (HaDZ), using the MOLPRO 2010
package.20 For the present PES, which is far more extensive, a large number of
additional CCSD(T)-F12b/HaDZ energies were obtained to describe the isomerization of
syn-CH3CHOO to vinyl hydroperoxide (VHP). The energies of the fragments OH and
vinoxy were calculated separately, also using CCSD(T)-F12b/HaDZ theory. However,
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the dissociation region from the VHP minimum to these products, in which the OO bond
is stretched, is multi-reference in character. Thus, energies were obtained using
CASPT2/cc-pVDZ theory with an active space of up to 12 electrons in 10 orbitals
employed, as implemented in MOLCAS package.21 The choice of active space was
informed by the detailed analysis of ref. 19 where a (4,4) active was used and justified
based on analysis of orbital occupancy at three stationary points. Those authors also
considered larger active spaces in CASSCF and MRCI calculations and concluded,
quoting “This indicates that larger active spaces [larger than (4,4)] are not needed for
treating the multi-reference character o f the VHP dissociation reaction.” Nevertheless,
based on a consultation with our local electronic structure expert, we decided to use a
larger active space to help ensure a smooth variation of the electronic energies over the
large range of nuclear coordinates sampled for the PES fit. And that is what we
observed. Finally, we note that by inspection of the orbitals in this active space, at one
nuclear configuration, we confirm that these contain the four active orbitals plotted in ref.
19. The selection of the active space is based on RHF orbital energies. For the interested
reader, here is a sample input file:
&GATEWAY
coord
8
Angstrom
H

0.0393140265

-3.2887613554

-0.1673859222

H

-0.0735009200

-2.2621510156

1.4120388804

H

0.0206209099

-1.2032649274

-1.5435745230
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H

-0.1898110444

0.0355100530

2.0412653848

C

-0.0224452856

-2.3223494815

0.3273108157

C

-0.0347563656

-1.1086493768

-0.4447111651

O

-0.1015691485

0.0141239140

0.0643055584

O

-0.2195792625

-0.2729797202

2.9655831609

group=c1
basis=cc-pvdz
&SEWARD
&RASSCF
lumorb
Nactel=12 0 0
Inactive=10
Ras2=10
CiRoot=2 2 1
&CASPT2
MultiState=2 1 2”

Finally, the CASPT2 energies were shifted with respect to the CCSD(T)-F12b results
using the energy of fragments (which were obtained separately using CCSD(T)F12b/HaDZ) for the fitted PES.
The ab initio points are efficiently sampled along the dissociation channel to
provide accurate description of the PES. Most geometries are determined by running
direct-dynamics trajectories starting from different stationary points with B3LYP/pVDZ
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methods, which excludes the dissociation region. Then CCSD(T)-F12b/HaDZ
calculations were carried out for the single-reference points and fitted to generate a
preliminary PES. Since the preliminary PES does not have enough sampling in the
dissociation region, it gave unreasonable energies whenever entering the multi-reference
area. The geometries in this region can be easily determined by running classical
trajectories using the preliminary PES. Additional geometries in the multi-reference
region were chosen and energies calculated using the CASPT2 method. The calculated
CASPT2 results were shifted according to CCSD(T)-F12b energies and added to the
dataset for PES fitting. After repeating this procedure several times, the PES can achieve
an accurate description of all the regions in the decomposition channel.
In total, 157,278 points were calculated with energies up to 70 kcal mol-1 relative
to then syn-CH3CHOO minimum, including 22,797 CASPT2 energies and 134,481
CCSD(T)-F12b energies. The PES is 18 dimensional, and is invariant with respect to
permutation of like atoms. The invariant polynomial fitting method is employed,22, 23 in
which the polynomials are functions of Morse variables, given by yi= exp(ri/α), with α
fixed at 2.0 bohr. The maximum total power of the fitting polynomials is 5, and the
fitting root means squares (RMS) error is 61.5 cm-1. The fitting RMS error in different
energy ranges is given in Figure A3.
The optimized geometries, electronic energies, and harmonic frequencies of
stationary points are computed using the PES. The electronic energies of stationary
points as well as their zero-point energies (ZPE) are given in Table A2. A comparison of
harmonic frequencies between the PES and direct CCSD(T)-F12b results are given in
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Table A2. Potentials and harmonic zero-point energies (ZPE) of stationary points
computed using the potential energy surface (PES), and the comparison with ab initio
calculations. Energies are given respect to syn-CH3CHOO in kcal mol-1.

Energy

ZPE

PES

ab initio

PES

ab initio

syn-CH3CHOO

0.00

0.00

37.05

37.22

TS

18.64

18.68

34.60

35.03

CH2=CHOOH

-19.27

-19.25

37.37

37.37

OH+CH2CHO

6.83

6.86

31.73

32.00
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Table A3. Harmonic frequencies (cm-1) of stationary points computed using the
potential energy surface (PES), and the comparison with ab initio calculations.
syn-CH3CHOO
Mode

TS

ab
PES

CH2=CHOOH
ab

PES
initio

OH+CH2CHO

ab
PES

initio

ab
PES

initio

initio

ν1

211

202

1662i

1702i

163

150

426

413

ν2

301

308

463

494

237

237

500

500

ν3

445

448

488

534

337

335

723

728

ν4

665

678

616

722

599

617

916

969

ν5

728

721

722

750

701

702

946

970

ν6

934

922

780

860

820

841

1116

1160

ν7

981

978

907

895

890

880

1347

1404

ν8

1044

1031

931

968

959

961

1479

1477

ν9

1097

1115

1111

1034

996

974

1602

1608

ν10

1293

1317

1205

1211

1154

1162

2920

2977

ν11

1428

1397

1224

1278

1260

1317

3171

3155

ν12

1456

1449

1449

1350

1375

1393

3278

3277

ν13

1474

1467

1503

1493

1460

1430

3772

3745

ν14

1523

1527

1617

1555

1674

1695

ν15

2948

3029

1720

1859

3135

3182

ν16

3094

3085

3023

3095

3235

3204

ν17

3110

3161

3161

3194

3343

3288

ν18

3189

3204

3279

3210

3804

3777
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Figure A3. Root mean square error of the fitted potential energy surface vs. relative
energy with respect to CH2=CHOOH. The values in the figure are the number of
configurations in the corresponding energy range.
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Table A3. As seen, there is excellent agreement between the PES and direct ab initio
calculations.
B. Exit channel 1-D potentials
As discussed in the main text, the dissociation of VHP is not a barrierless O-O
bond breaking process. A submerged first-order saddle point (submerged SP) was
located on the PES that is very similar to one reported in the literature.24 A 1-D potential
energy curve is obtained by starting from the submerged SP and increasing the O-O
distance towards fragments and decreasing it towards the VHP minimum, and then
minimizing the energy with respect to other degrees of freedom. The potential along this
constrained path is shown in Figure A4, which includes a shallow minimum also
indicated in Figure 1. An additional 1-D potential curve along a constrained pathway is
shown in Figure A4. This is obtained by starting at the VHP minimum and increasing the
O-O distance along the bond axis vector, and again minimizing the potential with respect
to the other degrees of freedom. This leads to a potential curve with a positive energy
barrier (a second order saddle point) followed by a stable, i.e., true minimum, product
complex.
The pathway through/near the submerged SP is more relevant, based on running
full dimensional dynamics. As a result, direct CASPT2 calculations are performed using
the geometries in the submerged SP pathway to test the PES. The comparison is shown
in Figure A4 where good agreement is seen.
C. Quasi-classical Trajectory Calculations
To study the unimolecular decay dynamics, the quasiclassical trajectory (QCT)
method was employed, using a code developed by the Bowman group and described
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Figure A4. One dimensional (1-D) potential energy curves that pass through the positive
barrier (red) and submerged SP (blue) from the VHP well to the OH + vinoxy products.
The positive barrier curve is optimized by restricting the O-O vector and relaxing all
other degrees of freedom starting from the VHP minimum. The submerged SP is a firstorder saddle point optimized using the PES. The minimum energy path is optimized
from the submerged SP to products and also to the VHP well. The points (black squares)
are the direct CASPT2 energies using the optimized geometries in the submerged SP cut.
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elsewhere.25, 26 As shown in Table A2, the isomerization barrier height for synCH3CHOO to VHP is 18.6 kcal mol-1, and is lowered to16.2 kcal mol-1 (5663 cm-1) by
including the harmonic ZPE correction. To model the experiment of Liu et al.2 and the
present study, the initial energy of the simulation is chosen to be 6000 cm-1 above the
ZPE of syn-CH3CHOO, which is only about 270 cm-1 above the isomerization barrier.
Given this initial total energy, the maximum available energy (relative to the zero-point
energies) to the fragments is approximately 5520 cm-1.
Preliminary calculations initiated from the syn-CH3CHOO minimum energy
configuration indicate that isomerization to VHP is a rare and long-time event, and likely
the rate-determining step for the dissociation. Thus, to reduce the computational
expense, the QCT simulations were initiated from the isomerization TS. Standard
normal-mode sampling27, 28 was used to prepare the initial states of TS. To perform the
normal-mode sampling at TS, the harmonic ZPE was given for each normal mode, except
the imaginary frequency mode, and extra energy (the total energy minus the TS barrier
height plus the local ZPE) of 337 cm-1 was given as translation along the imaginary
frequency mode in the direction forming VHP. In addition, large ensembles of the
trajectories were initiated from the VHP minimum energy configuration. For trajectories
starting from VHP, micro-canonical sampling29 was used to distribute total energy
between the vibration modes of the VHP. The trajectories were propagated for a
maximum of 60,000 steps with 0.1 fs time step (6 ps). More than 80% trajectories
starting at TS dissociated in 6 ps.
About 40,000 trajectories were obtained that dissociate to OH and vinoxy
products from each set of initial configurations. The relative translational energy, and the
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rotational and vibrational energies of OH and vinoxy radicals were calculated using these
trajectories. The classical vibrational energies of the fragments were examined to see if
they were below the respective anharmonic ZPEs. The anharmonic ZPE of OH was
evaluated as 1865 cm-1 using the discrete variable representation (DVR) method. The
anharmonic ZPE of vinoxy was evaluated as 9279 cm-1 using the MULTIMODE
program.30 At the total energy of the simulations, which is in the threshold region, most
trajectories yield OH products with less than ZPE. This “violation” of ZPE can have
significant consequences on the translational energy distribution and thus such
trajectories, roughly 90% of the large ensembles of trajectories, were discarded. Figure
A5 shows the TKER distributions arising from all trajectories originating at the TS with
normal mode sampling and the subset of trajectories where the OH and vinoxy products
have at least their respective zero-point energies. The TKER distribution resulting from
all trajectories extends to unphysically large values (beyond the 5500 cm-1 of available
energy) and is broader than that with the hard-ZPE constraint. Qualitatively, the TKER
distributions with and without the hard-ZPE constraint are in good accord at low energies
(below 2000 cm-1) through the peak of the distribution. As expected, imposing the hardZPE constraint yields much better agreement with experiment. After applying this hardZPE constraint, 4399 trajectories starting from TS using normal-mode sampling and 4624
trajectories starting from VHP using micro-canonical sampling were included in the
following analysis.
The importance of the two barriers in the exit channel is explored by initiating
ensembles of trajectories from these configurations. Micro-canonical sampling is applied
at the two barriers with the total energy (6000 cm-1 relative to the ZPE of syn218

CH3CHOO) randomly distributed in the vibration modes. More than 80,000 dissociation
trajectories are obtained for QCT starting at each barrier. After applying the hard-ZPE
constraint, 3188 and 6360 trajectories starting at the positive barrier and submerged SP,
respectively, are used for the following analysis.
Using the trajectories, an analysis was performed of the total kinetic energy
release (TKER) to the products, the OH product rotation, and the ro-vibrational
distribution of vinoxy. The QCT simulations initiated at the isomerization TS and VHP
show quite similar results. The results of trajectories using normal-mode sampling
initiated at TS are discussed in detail in the main text. The TKER, OH product rotation,
and rotational, vibrational, and internal energy distributions of vinoxy products resulting
from the VHP trajectories using micro-canonical sampling are shown in Figures A6-A8.
The vinoxy product rotational and vibrational distributions are correlated to some extent
as evident from the internal energy distribution in Figure A8c.
The TKER distribution (Figure 3) and rotational distribution of OH products
(Figure 4) arising from trajectories starting at submerged SP configuration are presented
in the main text. The results of trajectories starting at the positive barrier configuration in
the exit channel are shown in Figures A6 and A7. The submerged SP appears to play a
more significant role in the dissociation dynamics based on its very good agreement of
with experiment.
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Figure A5. Relative translational energy distribution between the OH and vinoxy
fragments resulting from QCT calculations starting from the isomerization TS
configuration using normal mode sampling. Shown are the total kinetic energy release
(TKER) distributions arising from all trajectories (black) and the subset of trajectories
where the OH and vinoxy products have at least their respective zero-point energies (red;
ZPE constrained).
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Figure A6. Relative translational energy distribution between the OH and vinoxy
fragments resulting from QCT calculations using micro-canonical sampling starting from
the VHP (purple) configuration. QCT calculations using micro-canonical sampling
starting from the positive barrier (blue) configuration in the exit channel is shown for
comparison. The peak probability is set to unity.
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Figure A7. Rotational energy and corresponding state distribution of OH X2Π (v=0, N)
products resulting from QCT calculations using micro-canonical sampling starting from
the VHP (purple) configuration. QCT calculations starting from the positive barrier
(blue) configuration in the exit channel is shown for comparison. The most probable OH
product state is set to unity.
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Figure A8. The (a) rotational (b) vibrational, and (c) internal energy distributions of the
vinoxy (CH2CHO) products derived from QCT simulations with micro-canonical
sampling starting from the VHP (CH2=CHOOH) (purple) configuration. The energy
released to OH + vinoxy products is about 5500 cm-1. The most probable rotational,
vibrational, and internal energies are set to unity.
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APPENDIX IV

Velocity Map Imaging of OH Radical Products from IR Activated
(CH3)2COO Criegee Intermediates Supplementary Material

The experimental research presented in this chapter has been performed with postdoctorate Nathanael M. Kidwell, and Marsha I. Lester in the Department of Chemistry,
University of Pennsylvania. Theoretical calculations were carried out by graduate student
Xiaohong Wang and Joel M. Bowman in the Department of Chemistry, Emory
University. This appendix was submitted as online supplementary material in
conjunction with Chapter 7 of this thesis.
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Table A1. Harmonic frequencies (cm-1) with symmetry labels and rotational constants
(cm-1) for H2CC(CH3)O and CH2CHO radical products.
Vibrational modes

H2CC(CH3)O a

CH2CHO b



3275 (A)

3277 (A)



3160 (A)

3155 (A)



3153 (A)

2977 (A)



3041 (A)

1608 (A)



1649 (A)

1477 (A)



1483 (A)

1404 (A)



1467 (A)

1160 (A)



1401 (A)

970 (A)



1282 (A)

500 (A)



1071 (A)

969 (A)



928 (A)

728 (A)



829 (A)

413 (A)



524 (A)



381 (A)



3110 (A)



1488 (A)



1030 (A)



723 (A)



503 (A)



339 (A)



78 (A) c

Rotational constants (cm-1)

H2CC(CH3)O a

CH2CHO d

A

0.367

2.224

B

0.302

0.382

C

0.171

0.326
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a

Calculated at the CCSD(T)-F12b/HaDZ level of theory.

b

Ref. 1.

c

Lowest frequency mode ( is treated as a hindered internal rotor of the methyl group

with 3-fold torsional barrier of 130 cm-1. See Ref. 2.
d

Ref. 3.
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